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I. Breeding for plant heat tolerance at vegetative and reproductive 
stages
Climate change and crop production
Ambient temperatures are rising at a considerable rate as part of the current global climate 
change. The last three decades are thought to be the warmest the Northern Hemisphere has 
experienced in the past 1400 years. Climate models predict that the global mean temperature will 
continue this trend, increasing by 1-4°C by the end of the 21th century. Additionally, climatological 
extremes such as heat waves are likely to occur more frequently (IPCC, 2013; Tebaldi et al., 2006; 
Hansen et al., 2015).
While the above data refer to average global temperature increases, there are significant 
regional and seasonal differences with further potential impact on agriculture (IPCC, 2007). 
The biggest temperature changes will be at higher latitudes. In these regions, the increase in 
temperature might benefit overall crop production by alleviating low-temperature growth 
inhibition at the start of the growing season, allowing earlier planting of crops, and the possibility 
of a longer growing season or more cropping cycles per year in the longer term (Gitay et al., 
2001). Thus, a rise in temperature is expected to lead to expansion of areas suitable for crop 
production in the Russian Federation, North America an Northern Europe as well as in East Asia 
(Lotze-Campen and Schellnhuber, 2009; Olesen and Bindi, 2002). Offsetting these benefits 
however, are negative effects at lower latitudes, where temperatures are already at the higher 
end of the crops’ optimal grow temperature ranges. Regions in Africa for example, have been 
predicted to become (semi-)arid due to heat and water stress, resulting in significant yield losses 
(Fischer et al., 2002; Ortiz et al., 2008) and in Asia and the Middle East, crop yields are predicted 
to fall 15-35% if the average temperature increases 3 to 4°C (Ortiz et al., 2008, FAO 2008). 
More than 200.000 plant species are estimated to exist globally, of which ~80.000 are edible 
to humans. Despite this huge variety, 95% of the calories and protein intake of human and 
livestock are derived from only 20 to 25 species (Füleky, 2009) and only three species, wheat, rice 
and maize account for 75% of global grain production (Bansal et al., 2014; Lobell and Gourdji, 
2012). Breeding and agronomic improvements of these species have resulted in increased 
production between 1985 and 2005 and previous IPCC projections assumed that this will continue 
in the future (Ainsworth and Ort, 2010; Teixeira et al., 2013). However, based on an extended 
update of the IPPC projections, a new meta-study predicted a less optimistic scenario. Primarily 
due to a more negative effect of moderate warming on yield, worldwide yield reductions are now 
expected for wheat, rice and maize in both tropical and temperate regions under a scenario of 
2°C of local warming without adaptation (Challinor et al., 2014). Relative rates of yield increase 
for major cereal crops are already declining (Fischer and Edmeades, 2010; Foley et al., 2011). This 










































9 billion people in 2050, a 70% increase in food production is necessary (FAO, 2009). The latter 
would mean that the yearly increases in production for the coming 40 years need to be 38% 
higher than those achieved historically (Tester and Langridge, 2010). 
Effects of high temperature on crops 
General physiological effects of high temperature
The intensity, duration and rate of temperature change together determine the impact of high 
temperature on plant development and physiology (Wahid et al., 2007; Zinn et al., 2010). 
Roughly, two types of high temperature stresses can be distinguished. A short period, e.g. a few 
hours, of high temperature is generally referred to as heat shock and reflects what happens to 
a plant on a hot day. Exposure to a longer period (i.e. multiple days) of elevated temperature is 
referred to as long-term mild heat (LTMH) and relates to heat waves, which is generally believed 
to have the largest impact on agricultural output (Bita and Gerats, 2013; Hatfield et al., 2011; 
Hedhly, 2011; Wheeler et al., 2000). 
Plant physiological responses to heat stress have been reviewed in great detail (Bita and 
Gerats, 2013; Bokszczanin et al., 2013; Mathur et al., 2014; Wahid et al., 2007). Air and soil 
temperature affect crop yield in different ways and this should be considered when studying heat 
impact (Lobell and Gourdji, 2012; Sharkey and Schrader, 2006). In general, high soil temperature 
can reduce germination capability and plant emergence and can cause reduced functioning or 
even heat necrosis of roots (Stevenson et al., 2001). A moderate increase in air temperature 
leads to faster plant development and a shorter crop duration, and consequently a reduction in 
cumulative light perception and assimilation over the plant’s life cycle. In addition, disturbance 
of fundamental processes such as carbon assimilation, respiration and transpiration may reduce 
overall metabolic efficiency and result in vegetative developmental defects such as fewer, 
malformed and/or smaller organs (Maestri et al., 2002; Stone, 2001; Takeoka et al., 1991). High 
air temperature can also negatively affect sexual reproduction and consequently, fruit and seed 
yield (Erickson and Markhart, 2002; Peet et al., 1997; Zinn et al., 2010). 
Heat sensitivity in crop plants
Optimum temperature range and heat sensitivity varies among crop types, species and cultivars 
(Levy and Veilleux, 2007; Luo, 2011; Saha et al., 2010; Ulukan, 2008). Heat sensitivity has been 
shown to cause yield reduction in both temperate and tropical zones, but tropical varieties 
often tolerate high temperatures better, compared to varieties of the same crop species grown 
in temperate zones, as was shown for yard-long bean, cucumber and radish (Momonoki and 
Momonoki, 1993; Wahid et al., 2007; Yamamoto et al., 2011). Similarly, warm-season annuals 
usually cope better with high temperatures than cool-season annuals (Akman, 2009; Covell et 











































and rice, the maximum temperature for emergence is around 40°C (Yoshida et al., 1981; Akman, 
2009), while cool-season crops such as chickpea, lentils and lettuce show decreased germination 
rates already at soil temperatures around 30°C or lower (Covell et al., 1986; Hall, 2001). 
Various temperature thresholds of a range of crops, including cereals, horticultural and 
legume crops have been reviewed in detail (Luo, 2011). Most crops suffer if high temperatures 
are encountered during the vegetative growth period, as has been documented for both cool-
season annuals like wheat (Porter and Gawith, 1999) and Brassica juncea (Hayat et al., 2009) 
and for warm-season annuals, such as rice (Lyman et al., 2013; Peng et al., 2004), maize (Crafts-
Brandner and Salvucci, 2002), legumes (McDonald and Paulsen, 1997) and tomato (Camejo et al., 
2005). However, for many crops, including rice, maize, soybean, legumes, rapeseed, sunflower 
and tomato, the reproductive stage appears to be even more vulnerable to temperature increase 
(Barnabás et al., 2008; Hedhly et al., 2009; Jagadish et al., 2014; Zinn et al., 2010). This is 
especially true during inflorescence/panicle development and during flowering, where heat may 
lead to flower abortion or reduced fertility, respectively (Luo, 2011; Maduraimuthu and Prasad, 
2014). 
High temperature and fertility 
Reduced fertility is a common problem associated with (mild) heat, and has been found to be 
caused by high temperatures around meiosis and fertilisation in various species (Bac-Molenaar et 
al., 2015; Ehlers and Hall, 1998; Giorno et al., 2013; Jagadish et al., 2014; Sakata and Higashitani, 
2008). Compared to male gametes, the female gametophyte and maternal tissues of the pistil 
have traditionally been considered to be more thermotolerant. However, malformations of the 
female tissues can occur in some species when subjected to heat. Embryo sac malformations have 
been reported in peach developed above 25°C, in wheat at 30°C and rapeseed at 32°C, which 
consequently reduced the seed set in the latter two species (Hedhly, 2011). In apricot, even a mild 
increase of 3°C above control conditions during the last week of flower development resulted in 
shortening of the style and abnormal ovaries (Rodrigo and Herrero, 2002). The period of stigma 
receptivity is shortened by heat in cherry and peach, and ovule longevity is reduced in cherry and 
plum (Endo et al., 2009; Hedhly, 2011). Such alterations result in a lack of synchrony between 
male and female reproductive tissues, ultimately leading to reduced fertilisation efficiency. 
However, timely pollination does not guarantee fruit or seed set, as post-pollination processes 
such as pollen tube growth, fertilisation, formation of the endosperm and embryo development 
were also shown to be heat sensitive (Barnabás et al., 2008; Erickson and Markhart, 2002; Peet 
et al., 1997).
Although high temperatures are often experienced simultaneously by both female and male 
reproductive organs, the latter, and in particular pollen development, is commonly considered 
the most heat-sensitive (Ahmed et al., 1992; Dupuis and Dumas, 1990; Iwahori, 1965; Kim et 










































during flowering results in a reduction of viable and germinating pollen in many species (Abiko 
et al., 2005; Jagadish et al., 2010; Oshino et al., 2007; Peet et al., 1998; Prasad et al., 2006; Sato 
et al., 2006; Zinn et al., 2010). 
Adaptation of cultivation methods to avoid heat stress
As part of the plant’s phenotype, yield is the result of the expression of the genotype (G), the 
environment (E) and their interaction (GxE). In the field of agriculture, management practices (M) 
are often included as a separate third factor, leading to the GxExM model. Thus, yield improvement 
can in principle be achieved by adapting the genotype, as discussed later, the environment, or the 
management practices.
At the level of farming, a few technical and management adjustments may contribute to 
an increased ability of crops to cope with temperature changes. Firstly, assuming concomitant 
higher winter temperatures, the dates of planting can be adapted to avoid heat stress later 
in the growing season (Easterling, 1996; Lotze-Campen and Schellnhuber, 2009; Olesen and 
Bindi, 2002; Rosenzweig and Tubiello, 2007). For example, in the US Midwest, early planting 
seems to be a successful strategy to avoid summer heat for maize and spring wheat (Reilly 
et al., 2003; Sacks et al., 2010). Secondly, improvements in water management can alleviate 
heat stress in agriculture, as plants transpire to keep foliage temperature below ambient. One 
option is shifting from rain-fed to irrigated agriculture, including low-cost “rainwater harvesting” 
practices. Additionally, adjusting the timing of irrigation may ensure a crop’s water supply at 
critical, temperature-sensitive stages (Easterling, 1996; Lotze-Campen and Schellnhuber, 2009; 
Smit and Skinner, 2002; Smithers and Blay-Palmer, 2001). 
Another strategy of avoiding heat stress is to change the “environment” factor of the GxExM 
model, by shifting the geographical location of crop cultivation. Although this strategy is drastic, 
it is already occurring, for instance in Australia’s wine industry, where several large wine producers 
have bought new land in cooler regions to maintain vineyards in the future (Chapman et al., 
2012; Park et al., 2012). The same is also occurring for other crops, like maize and rice (Duzheng, 
2003; Kenny et al., 1993; Tchebakova et al., 2011). 
While adapting to climatic changes via alterations to cultivation practices or sites may be 
possible for some crops, heat stress cannot be avoided by this approach alone (Reilly et al., 
2003; Tubiello et al., 2002). For example, in areas where water is a scarce and valuable resource, 
improving water supply might not be an option. Similarly, moving cultivation areas geographically 
might be a solution for Australia’s wine industry, but is not for Australia’s wheat farmers, because 
winter temperatures at lower latitudes near the sea are too high (Chapman et al., 2012). Because 
of these limitations, the introduction of more heat tolerant cultivars or shifting to other crops is 











































Breeding for heat tolerance
Conventional breeding
Increasing temperature tolerance by conventional breeding is an obvious approach to reduce the 
negative effects of heat on crop yield. Usually, breeding programs are carried out in a climacteric 
region similar to that where the crop will be produced eventually. Thus, the selection of breeding 
lines for relatively hot regions take place under hot conditions (Mickelbart et al., 2015). This 
implies that in hot regions, thermotolerance traits might be “passively” selected for by locally 
operating breeders. Considering that cultivars from warmer regions are often more heat tolerant 
than those from cooler regions, it seems that this technique has been rewarding (Kugblenu 
et al., 2013; Momonoki and Momonoki, 1993; Smillie and Nott, 1979; Tonsor et al., 2008; 
Yamamoto et al., 2011). Conventional breeding has also been used to intentionally develop new 
heat-tolerant crop genotypes. For example, a variety of broccoli has an improved head quality 
thanks to early maturation, because this trait prevents hot days later in season to affect the heat-
sensitive flower initiation developmental stage (Farnham and Bjorkman, 2011). In addition, new 
varieties of cowpea showed higher average grain yield when grown under hot and long days 
during reproduction (Ehlers and Hall, 1998) and recurrent selection has also been successful for 
improving wheat yield using ancestor T. tauschii as a gene donor, leading to increased rates of 
grain filling and larger grains in BC1F6 plants (Gororo et al., 2002). Finally, in potato breeding a 
genetic gain was obtained after three cycles of recurrent selection for heat tolerance leading to 
strong increase in yield up to ~38% (Benites and Pinto, 2011).
Although conventional “yield” breeding has succeeded in developing heat tolerant lines, 
the ultimate genetic and physiological bases of the improvements remain unclear. This prevents 
the development of molecular or other biomarkers, which would assist germplasm screening for 
improved heat tolerance and allow for efficient breeding of the complex trait. Therefore, it is very 
important that genetic variation for the trait is identified and characterised. Another drawback 
of conventional breeding is that the programs are often based on crossing relatively advanced 
material, which has already been used in the particular breeding areas specifically related to the 
market segment that is targeted. This implies that the potential gain in heat tolerance level is 
limited by the low genetic diversity (Ladizinsky, 1985; Paran and Van Der Knaap, 2007). 
Advanced breeding - Intraspecific QTL discovery
Heat tolerance seems to be polygenic, which might explain why the genetic basis of heat 
stress tolerance in plants is poorly understood (Ainsworth and Ort, 2010; Collins et al., 2008; 
Wahid et al., 2007). In order to improve knowledge about thermotolerance at the genetic level, 
many efforts have been made to identify quantitative trait loci (QTLs) in segregating mapping 
populations. In various plants, such as Arabidopsis, azuki bean, barley, brassica, cowpea, maize, 










































discovered, including reproductive traits such as yield, fruit set, grain filling rate, grain weight, 
days to heading, spikelet fertility, pollen germinability and pollen tube growth (Jha et al., 2014).
Besides dedicated mapping populations, QTLs can be detected via exploration of natural 
populations. As noted previously, linkage mapping can be considered as being useful for 
identification of major genes and QTLs. However, due to the limited number of generations and 
thus recombination events, those QTLs cover a relatively large region and gene identification 
requires time-consuming fine-mapping processes. Exploiting natural diversity panels avoids these 
hurdles. Using a genome-wide association approach, the linkage decay is fast, therefore providing 
a much higher resolution. Consequently, fine-mapping is often not necessary for identification 
of candidate genes (Bergelson and Roux, 2010). So far, genome-wide association study (GWAS) 
panels have been established in Arabidopsis and a limited number of crops including maize, rice, 
sorghum and foxtail millet (Buckler et al., 2009; Huang et al., 2011; Huang and Han, 2014; Jia 
et al., 2013; Morris et al., 2013). In Arabidopsis, three QTLs were responsible for sensitivity of 
pre-anthesis reproductive processes including male and female meiosis, while one QTL explained 
population variation of early embryogenesis heat sensitivity. A strong negative correlation between 
flowering time and silique length was detected, which were strongly and moderately associated 
to the same single nucleotide polymorphism (SNP), respectively. Interestingly, this SNP has been 
linked to the flowering time repressor FLC, suggesting a role for the regulation of flowering time 
in the heat stress response (Bac-Molenaar et al., 2015). 
Altogether, the QTL studies in different plant species demonstrate that heat tolerance 
depends on a range of genetic factors (reviewed in Jha et al., 2014). Obtaining knowledge on 
the genetic basis of (natural) variation for thermotolerance, is necessary to really get a grip on this 
aspect of plant biology (Müller and Rieu, 2016). 
Expanding genetic diversity with crop wild relatives
Crop domestication may be regarded as the first stage of plant breeding, resulting in dramatic 
morphological and physiological modifications to meet human needs (Gross and Olsen, 2010; 
Meyer and Purugganan, 2013). Domestication inevitably involves a genetic bottleneck due to 
selection and breeding of similar lines with favourable traits, after which only a subset of the 
genes and alleles available in the wild progenitor gene pool are present among crop cultivars 
(Godfray et al., 2010; Ladizinsky, 1985; Olsen and Wendel, 2013). This reduction in diversity 
seems to have led to a loss of abiotic stress tolerance traits, since many crop wild relatives (CWRs) 
are more tolerant to stresses than domesticated crops (Dolferus, 2014; Maduraimuthu and 
Prasad, 2014). The identification of superior wild alleles has become of great interest (Feuillet 
et al., 2008; Grandillo et al., 2007; Lippman et al., 2007; Tanksley and McCouch, 1997), but 
exploiting CWRs as a source of novel alleles is not straight-forward. Firstly, it is hindered by 
the introduction of linked, undesirable traits, compounded by a lack of molecular markers for 











































effective to re-sequence complete genomes, as has been done for cucumber (Qi et al., 2013), 
sorghum (Mace et al., 2013), grape (Lijavetzky et al., 2007), soybean (Li et al., 2013), rice (Xu et 
al., 2010), maize (www.panzea.org) and wild tomato (Aflitos et al., 2014). Secondly, due to the 
potential for unfavourable epistatic interactions between genes, it is difficult or even impossible 
to predict in advance whether a QTL will function in an elite background, which usually is not 
the one used for QTL identification (Collins et al., 2008; Podlich et al., 2004). Although little 
information is available on cases that were not successful, introgression of wild alleles has resulted 
in improved crop thermotolerance in wheat (Pradhan et al., 2012) and rice (Atwell et al., 2014; Li 
et al., 2015a), indicating that it is a possible to make use of CWRs.
Discovery of thermotolerance genes
In response to high temperature stress, plants modulate the expression of a plethora of genes. 
Knowledge of these genes and their function could help to identify the processes that are induced 
or repressed such as those involved in acclimation and protection against heat stress.
Transcriptional profiling has been performed in many crops, comparing between stressed and 
unstressed plants, or between heat tolerant and heat susceptible variants (Bita et al., 2011; Dong 
et al., 2015; Frank et al., 2009; Frey et al., 2015; Liu et al., 2012; Mangelsen et al., 2011; Sarkar 
et al., 2014). An extensive summary of recent transcriptomic analyses in plant species revealed 
that plants reprogram their signal transduction pathway, transcription factors and proteins 
associated with metabolism in a conserved manner (Lavania et al., 2015). Although the studies 
were performed in different crops which were exposed to different heat regimes, there was 
considerable similarity in the heat stress-responsive genes. Probably the best studied mechanism 
in response to heat stress is the production of heat shock proteins (HSPs) upon exposure to high 
temperature (Wang et al., 2004). By acting as molecular chaperones, HSPs prevent deleterious 
protein conformations and eliminate non-native aggregations formed during stress (Boston et 
al., 1996; Morimoto, 1998; Vierling, 1991). Strong transcriptional upregulation of a number of 
HSPs by heat stress has been shown in plants and many other organisms. The expression of HSPs 
and various other heat-responsive genes is controlled by heat stress transcription factors (Hsfs) 
(Kotak et al., 2007). Experiments in Arabidopsis, rice, tobacco and tomato have shown enhanced 
thermotolerance can be gained by overexpressing HSPs or Hsfs (reviewed in Grover et al., 2013). 
Furthermore, there is a conserved induction of genes encoding for enzymes that govern the 
fluidity of membranes upon heat stress. In agreement with this, overexpression of one of the 
enzymes, glycerol-3-phosphate acyltransferase, resulted in increased saturation of the thylakoid 
membrane lipids of transgenic tobacco plants, which showed a faster recovery after heat stress 
compared to wild type plants (Yan et al., 2008). When plants are exposed to heat, reactive oxygen 
species (ROS) are formed as a by-product in various aerobic metabolic pathways in different 










































1998; Volkov et al., 2006; Wu et al., 2012; Vacca et al., 2004; Mostofa et al., 2013), and cause 
cellular damage to membranes, proteins, lipids and DNA (Baker and Orlandi, 1995; Bokszczanin 
et al., 2013; Giardi et al., 1997; Larkindale and Knight, 2002; O’Kane et al., 1996; Volkov et al., 
2006; Wu et al., 2012). In order to prevent damage to the cell and regain redox homeostasis, 
a typical response to heat is hyper-activation of the ROS scavenging machinery (Chao et al., 
2009; Chou et al., 2012; Driedonks et al., 2015; Mittal et al., 2012; Suzuki et al., 2013) and 
this has been associated with basal heat tolerance, an inherent plant ability to survive exposure 
to temperatures above the optimal for growth (Almeselmani et al., 2006; Badiani et al., 1993; 
Bhattacharjee, 2012; Bokszczanin et al., 2013; Gupta et al., 1993; Kang et al., 2009; Rui et al., 
1990; Sairam et al., 2000; Wang et al., 2014b). A ROS-scavenging-related gene that seems 
to be important for thermotolerance is glutaredoxin (GRX). This small ubiquitous protein is a 
regulator in diverse cellular processes and oxidative stress response and its function is conserved 
in prokaryotes and eukaryotes (Cheng et al., 2009; Lillig et al., 2008; Wu et al., 2012). As a 
critical component of ROS metabolism, Arabidopsis AtGRXS17 may be crucial for temperature-
dependent postembryonic growth and development (Cheng et al., 2011). Indeed, improvement 
of plant heat stress tolerance has been achieved by increasing antioxidant enzyme and GRX 
activities (Almeselmani et al., 2006; Badiani et al., 1993; Gupta et al., 1993; Hwang et al., 2012; 
Müller and Rieu, 2016; Rui et al., 1990; Sairam et al., 2000; Wu et al., 2012).
Finally, the level of several phytohormones is affected by high temperatures. Some of them 
have a protective role against oxidative damage. In Arabidopsis for example, the ethylene-
insensitive mutant etr-1, the ABA-insensitive mutant abi-1, and the SA-production-inhibiting nahG 
transgenic line showed increased susceptibility to heat induced oxidative damage (Larkindale and 
Knight, 2002). By contrast, treatment with auxin and ethylene improved thermotolerance (Firon 
et al., 2012; Sakata et al., 2010). 
Conclusion
A major finding of fundamental research is that the plant heat stress response is highly complex, 
with challenges that may be tissue, developmental stage and even species specific (Hedhly, 2011; 
Maduraimuthu and Prasad, 2014). Thus, heat tolerance should not be regarded as a single trait, and 
as such, it is unlikely that a general strategy can be developed to generate heat tolerance. Despite 
the urgent need to improve crop heat tolerance, a very limited number of heat tolerant varieties 
have been developed. This development of new varieties through plant breeding is expensive and 
time-consuming (Lotze-Campen and Schellnhuber, 2009; Rosenzweig and Tubiello, 2007). For 
annual crops it may take 10-30 years to introduce specific adaptations (Chapman et al., 2012; 
Olesen and Bindi, 2002; Rosenzweig and Tubiello, 2007; Smit and Skinner, 2002). Therefore, it is 
very important that genetic variation for the trait can be identified and characterised efficiently 











































important role as knowledge on molecular physiology of the plant heat response can speed up 
the cloning of causal genes after QTL identification. Furthermore, fundamental knowledge may 
be used to generate leads for biotechnological modification of heat tolerance traits. 
II. Pollen thermotolerance
Pollen development
In angiosperms, pollen development takes place within specialised male reproductive organs of 
the flower, called the anthers, microsporangia or pollen sacs. The anther primordium differentiates 
into two cell groups; (i) the reproductive sporogenous cells that give rise to the microspores, 
formed from the encapsulated cells and (ii) the surrounding young anther locules, the non-
reproductive tissue consisting of four types of cell layers, namely epidermis, endothecium, 
middle layer and the tapetum. Pollen development can be divided in two sequential phases: 
microsporogenesis and microgametogenesis (Figure 1). Microsporogenesis starts in the locules of 
the anther tissue of the flower by the formation of diploid pollen mother cells or microsporocytes. 
Via two meiotic divisions, these diploid meiocytes generate tetrads, consisting of four haploid 
microspores enclosed by a callose layer. During subsequent gametogenesis, the callose wall is 
digested and the free microspores undergo a rapid development including the synthesis of intine 
and outer exine. These cell wall components, as well as nutrients and enzymes, are provided to 
the early microspores by the metabolically active tapetum, which then starts to degenerate by 
programmed cell death (PCD) (Pacini et al., 1985; Scott et al., 2004). Correct functioning of the 
tapetum and precise coordination of PCD is crucial for pollen development (Abiko et al., 2005; 
Li et al., 2006; Parish and Li, 2010; Yi et al., 2016). During microgametogenesis, the microspores 
expand by vacuolisation, pushing the nucleus towards the cell wall. These polarised cells undergo 
asymmetric mitotic division (pollen mitosis I) in order to become mature pollen grains, consisting 
of a large vegetative cell with a small generative cell within. The former cell provides a stable 
environment for the generative cell to undergo pollen mitosis II and produce two sperm cells, 
either before pollen maturation or upon delivery to the female gamete by pollen tube formation, 
depending on the species. Formation of the pollen tube requires a lot of energy, which is why the 











































Figure 1: Schematic representation of pollen development in anther locules. 
Mature pollen may be in a bi-cellular or tri-cellular state, depending on the plant species. In the former case, 
pollen mitosis II takes place after pollen germination.
The effect of heat on developing pollen
Sensitivity of pollen development to high temperatures seems to be a conserved phenomenon, 
as it can be found in many monocots and dicots. As described above, also this process can be 
affected by both, a short-term heat shock and LTMH. For example, spikelet sterility in rice occurs 
if temperatures exceed 35°C for just 1 hour (Endo et al., 2009; Yoshida et al., 1981), but also 
when exposed to multiple days of mild-heat, possibly by failure of the tapetum or injuries to 
the microsporogenesis process (Endo et al., 2009). Tomato also has a dramatic decrease in fruit 
set in response to heat stress, especially when applied during microsporogenesis (Rieu et al., 
2017). During this stage, a short period at 40°C or extended exposure to temperatures just a few 
degrees above optimal (32°C rather than 25°C during the day), results in male sterility (Giorno 
et al., 2013; Xu et al., 2017). Various molecular and physiological characteristics of developing 
pollen might be related to pollen failure under high temperature (Müller and Rieu, 2016). 
Upon exposure to elevated temperatures, proteins start to fold incorrectly. In order to 
protect the cell from toxic levels of these unfolded proteins in the endoplasmic reticulum (ER), the 
expression of a number of the components of the ER protein folding machinery is induced, better 
known as the unfolded protein response (UPR) (Howell, 2013). Also in male reproductive tissues 
the UPR is upregulated shortly after a temperature elevation (Bita et al., 2011; Chaturvedi et al., 
2015; Fragkostefanakis et al., 2016a; Frank et al., 2009; Li et al., 2015b). Another type of the 
high-molecular-weight chaperones are heat shock proteins (HSPs), which stabilise, re-solubilise 











































Vierling, 1991). The production of HSPs upon high temperatures is regulated via an underlying 
network of heat stress transcription factors (Hsfs) and known as the heat shock response (Kotak 
et al., 2007; Scharf et al., 2012). Various Hsfs and HSPs are induced upon high temperatures in 
sporophytic and gametophytic tissues, and multiple studies reveal they play an active role in the 
protection of developing pollen from heat stress (Chaturvedi et al., 2015; Fragkostefanakis et al., 
2016b; Frank et al., 2009; Giorno et al., 2010; Shi et al., 2015).
As a consequence of high temperatures, increased respiration might result in a perturbed 
equilibrium between ROS production and scavenging (Baniwal et al., 2004; Bhattacharjee, 2013; 
Foyer and Noctor, 2005; Vacca et al., 2004). Tapetum cells contain high numbers of mitochondria 
(Lee and Warmke, 1979; Selinski and Scheibe, 2014) and might thus produce a lot of excessive 
ROS upon heat, causing cellular damage to microtubules, cytoskeleton, membranes, proteins, 
lipids, organelles and DNA (Baker and Orlandi, 1995; Bokszczanin et al., 2013; Giardi et al., 1997; 
Larkindale and Knight, 2002; O’Kane et al., 1996; Volkov et al., 2006; Wu et al., 2012). 
Alterations in hormone synthesis and signalling caused by high temperatures occur, and 
might be related to tolerance levels. Transcriptome analysis of the rice tapetum revealed an 
enrichment for gibberellin (GA) signalling genes among the genes downregulated under LTMH 
(Endo et al., 2009). While ABA increases under heat stress, levels of bioactive GA and auxin in 
anthers of rice, barley and Arabidopsis decrease (Sakata et al., 2010; Tang et al., 2008). This in 
turn seems to affect pollen development: a thermotolerant rice cultivar showed a slower GA 
decrease compared to a sensitive cultivar over time after exposure to high temperature (Tang et 
al., 2008). The requirement of GA for pollen development is linked to the energy metabolism 
via the regulation of invertases (INV) (Proels et al., 2006). INV activity in the tapetum determines 
the energy supply to developing microspores and is usually maintained at a high level (Goetz 
et al., 2001; Pressman et al., 2012). Under high temperatures invertase transcripts are reduced 
and this might be the cause of declined pollen carbohydrate content (Jain et al., 2007; Sato 
et al., 2006). In accordance, RNAi-mediated silencing of tomato CW-INV5 (LIN5) and LIN7 and 
cotton vacuolar invertase 1 (GhVIN1) resulted in a significant reduction of pollen viability (Proels 
et al., 2006; Wang and Ruan, 2016; Zanor et al., 2009). Moreover, invertase activity and pollen 
starch and sugar levels seem to be affected by abiotic stress (De Storme and Geelen, 2014) and 
maintained better in tolerant genotypes compared to sensitive genotypes when exposed to high 
temperatures (Firon et al., 2006; Li et al., 2015b; Pressman, 2002). The high energy demand and 
reduced supply and uptake of carbohydrates under high temperatures might lead to depletion 
of energy reserves of the pollen, leading to defects in their development and functioning (De 
Storme and Geelen, 2014; Firon et al., 2006; Pressman, 2002; Ruan et al., 2010). Alternatively, 
energy depletion might lead to incorrect functioning of the tapetum and premature degradation 
under high temperature (Parish and Li, 2010; Rieu et al., 2017). This might then result in a 
reduced delivery of compounds necessary for pollen development (Ariizumi and Toriyama, 2011; 
De Storme and Geelen, 2014; Suzuki et al., 2001). Tapetal malfunction might also be related to 










































Finally, chromosome behaviour and meiotic cell division may be affected by high temperature. 
For example, the spindle apparatus’ orientation can be affected, leading aberrant chromosome 
behaviour and subsequent failure of pollen development (De Storme and Geelen, 2014). However, 
the period between meiosis and pollen mitosis I is most sensitive during the development (Rieu 
et al., 2017).
Taken together, based on the fundamental influence of heat on all molecules and physiological 
processes, it is likely that male sterility is the result of a combination of events affecting developing 
microspores, sporophytic tissue, or both.
III. Tomato as a model for heat stress
Tomato (Solanum lycopersicum) is the seventh most valuable crop worldwide (FAOSTAT, http://
faostat3.fao.org/home/index.html). During its growth, it is often exposed to high temperature, 
both, when cultivated in greenhouses as well as in the field. Fruit set is reduced if plants experience 
temperatures several degrees above their optimal conditions (e.g. 26/20°C day/night) for multiple 
days or a heat shock (e.g. 40°C for more than 4 hours) (Opena et al., 1992). Multiple problems 
have been suggested to underlie the reduced fertility under LTMH (Peet et al., 1997), including 
reduced pollen number and viability and style protrusion, but their relative contribution, the 
physiological basis of these phenotypes, and the genetic determinants of tolerance are largely 
unknown.
Because of its relatively small genome, sequence availability (Aflitos et al., 2014) and 
relatively short life cycle, tomato is a good model system for genetic studies (Bokszczanin et 
al., 2013; Peralta et al., 2008). Moreover, within the nightshade family, tomato belongs to the 
genus Solanum sect. Lycopersicon, which consists of 13 species or subspecies (Figure 2; Aflitos 
et al., 2014; Dodsworth et al., 2015; Peralta and Spooner, 2005). All members of this section 
have a diploid (2n=24) genome with a high degree of synteny and several of the species are 
inter-crossable (Grandillo et al., 2011; Peralta et al., 2008), providing access to a large source of 
natural variation for fundamental and applied studies, such as into reproductive thermotolerance.












































IV. Scope of the thesis
In this thesis, we investigated the genetic architecture of reproductive thermotolerance in tomato 
and its wild relatives (section Lycopersicon) under heat-wave like long-term mild heat (LTMH).
Chapter 2 provides insight in the variation in tolerance to LTMH present among wild 
tomatoes species. The main conclusion is that although no overall thermotolerant wild species 
or accession could be detected, several genotypes outperformed the best performing cultivar in 
terms of pollen viability. This means that wild germplasm can be a valuable resource to enhance 
the current S. lycopersicum germplasm.
Chapter 3 further explores the genetic architecture of reproductive thermotolerance 
provided by a tolerant S. pimpinellifolium genotype. By analysing intraspecific and interspecific 
(x S. lycopersicum) F2 mapping populations, multiple quantitative trait loci (QTLs) were identified 
for several reproductive traits. The main conclusion is that most reproductive thermotolerance 
traits seem to have a polygenic character, which in case of pollen viability, was suggested to be 
influenced by the genetic or environmental context in which the trait is studied.
Chapter 4 describes a physiological study of anther tissues from thermotolerant and sensitive 
near isogenic tomato lines, segregating for a major QTL for pollen viability under LTMH. The 
thermotolerant plants maintained a higher level of hexoses in anthers, which was in accordance 
to the expression of several carbohydrate related genes. Moreover, a number of genes were 
proposed as putative candidates underlying the QTL.
Chapter 5 assesses the relative contribution of several reproductive traits to seed and fruit set 
under LTMH. The main conclusion is the ability to maintain high pollen viability under LTMH is the 
key determinant of reproductive success. Moreover, style protrusion (SP) was also of significant 
importance. The number of pollen per flower hardly affected FS and SS, suggesting it remains at 
saturating levels.
Chapter 6 provides a synthesis of the results of this thesis and discussion of the opportunities 












































Abiko, M., Akibayashi, K., Sakata, T., Kimura, M., Kihara, M., Itoh, K., et al. (2005). High-temperature 
induction of male sterility during barley (Hordeum vulgare L.) anther development is mediated by 
transcriptional inhibition. Sex. Plant Reprod. 18, 91–100. doi:10.1007/s00497-005-0004-2.
Aflitos, S., Schijlen, E., de Jong, H., de Ridder, D., Smit, S., Finkers, R., et al. (2014). Exploring genetic variation 
in the tomato (Solanum section Lycopersicon) clade by whole-genome sequencing. Plant J. 80, 136–
148. doi:10.1111/tpj.12616.
Ahmed, F. E., Hall, A. E., and DeMason, D. A. (1992). Heat Injury During Floral Development in Cowpea (Vigna 
unguiculata, Fabaceae). Am. J. Bot. 79, 784. doi:10.2307/2444945.
Ainsworth, E. A., and Ort, D. R. (2010). How do we improve crop production in a warming world? Plant 
Physiol. 154, 526–530. doi:10.1104/pp.110.161349.
Akman, Z. (2009). Comparison High Tempreture Stress in Maize, Rice and Sorghum by Plant Growth 
Regulators. J. Anim. Vet. Adv. 8, 358–361.
Almeselmani, M., Deshmukh, P. S., Sairam, R. K., Kushwaha, S. R., and Singh, T. P. (2006). Protective role 
of antioxidant enzymes under high temperature stress. Plant Sci. 171, 382–388. doi:10.1016/j.
plantsci.2006.04.009.
Ariizumi, T., and Toriyama, K. (2011). Genetic regulation of sporopollenin synthesis and pollen exine 
development. Annu. Rev. Plant Biol. 62, 437–460. doi:10.1146/annurev-arplant-042809-112312.
Atwell, B. J., Wang, H., and Scafaro, A. P. (2014). Could abiotic stress tolerance in wild relatives of rice be used 
to improve Oryza sativa? Plant Sci. 215–216, 48–58. doi:10.1016/j.plantsci.2013.10.007.
Bac-Molenaar, J. A., Fradin, E. F., Becker, F. F. M., Rienstra, J. A., van der Schoot, J., Vreugdenhil, D., et 
al. (2015). Genome-Wide Association Mapping of Fertility Reduction upon Heat Stress Reveals 
Developmental Stage-Specific QTLs in Arabidopsis thaliana. Plant Cell 27, 1857–1874. doi:10.1105/
tpc.15.00248.
Badiani, M., Schenone, G., Paolacci, A. R., and Fumagalli, I. (1993). Daily fluctuations of antioxidants in bean 
(Phaseolus vulgaris L.) leaves as affected by the presence of ambient air pollutants. Plant Cell Physiol. 
34, 271–279.
Baker, C. J., and Orlandi, E. W. (1995). Active oxygen in plant pathogenesis. Annu. Rev. Phytopathol. 33, 
299–321. doi:10.1146/annurev.py.33.090195.001503.
Baniwal, S. K., Bharti, K., Chan, K. Y., Fauth, M., Ganguli, A., Kotak, S., et al. (2004). Heat stress response 
in plants: a complex game with chaperones and more than twenty heat stress transcription factors. J. 
Biosci. 29, 471–487. Available at: http://www.ncbi.nlm.nih.gov/pubmed/15625403.
Bansal, K. C., Lenka, S. K., and Mondal, T. K. (2014). Genomic resources for breeding crops with enhanced 
abiotic stress tolerance. Plant Breed. 133, 1–11. doi:10.1111/pbr.12117.
Barnabás, B., Jäger, K., and Fehér, A. (2008). The effect of drought and heat stress on reproductive processes 
in cereals. Plant. Cell Environ. 31, 11–38. doi:10.1111/j.1365-3040.2007.01727.x.
Benites, F. R. G., and Pinto, C. A. B. P. (2011). Genetic gains for heat tolerance in potato in three cycles of recurrent 
selection. Crop Breed. Appl. Biotechnol. 11, 133–140. doi:10.1590/S1984-70332011000200005.
Bergelson, J., and Roux, F. (2010). Towards identifying genes underlying ecologically relevant traits in 
Arabidopsis thaliana. Nat. Rev. Genet. 11, 867–879. doi:10.1038/nrg2896.
Bhattacharjee, S. (2012). An inductive pulse of hydrogen peroxide pretreatment restores redox-homeostasis 
and oxidative membrane damage under extremes of temperature in two rice cultivars. Plant Growth 
Regul. 68, 395–410. doi:10.1007/s10725-012-9728-9.
Bhattacharjee, S. (2013). Heat and chilling induced disruption of redox homeostasis and its regulation by 












































Bita, C. E., and Gerats, T. (2013). Plant tolerance to high temperature in a changing environment: scientific 
fundamentals and production of heat stress-tolerant crops. Front. Plant Sci. 4, 273. doi:10.3389/
fpls.2013.00273.
Bita, C. E., Zenoni, S., Vriezen, W. H., Mariani, C., Pezzotti, M., and Gerats, T. (2011). Temperature stress 
differentially modulates transcription in meiotic anthers of heat-tolerant and heat-sensitive tomato 
plants. BMC Genomics 12, 384. doi:10.1186/1471-2164-12-384.
Bokszczanin, K. L., Solanaceae Pollen Thermotolerance Initial Training Network (SPOT-ITN) Consortium, and 
Fragkostefanakis, S. (2013). Perspectives on deciphering mechanisms underlying plant heat stress 
response and thermotolerance. Front. Plant Sci. 4, 315. doi:10.3389/fpls.2013.00315.
Boston, R. S., Viitanen, P. V., and Vierling, E. (1996). “Molecular chaperones and protein folding in plants” in 
Post-Transcriptional Control of Gene Expression in Plants, 191–222.
Buckler, E. S., Holland, J. B., Bradbury, P. J., Acharya, C. B., Brown, P. J., Browne, C., et al. (2009). The genetic 
architecture of maize flowering time. Science 325, 714–718. doi:10.1126/science.1174276.
Camejo, D., Rodríguez, P., Angeles Morales, M., Miguel Dell’Amico, J., Torrecillas, A., and Alarcón, J. J. 
(2005). High temperature effects on photosynthetic activity of two tomato cultivars with different heat 
susceptibility. J. Plant Physiol. 162, 281–289. doi:10.1016/j.jplph.2004.07.014.
Challinor, A. J., Watson, J., Lobell, D. B., Howden, S. M., Smith, D. R., and Chhetri, N. (2014). A meta-analysis 
of crop yield under climate change and adaptation. Nat. Clim. Chang. 4, 287-291. doi:10.1038/
NCLIMATE2153.
Chao, Y. Y., Hsu, Y. T., and Kao, C. H. (2009). Involvement of glutathione in heat shock- and hydrogen 
peroxide-induced cadmium tolerance of rice (Oryza sativa L.) seedlings. Plant Soil 318, 37–45. 
doi:10.1007/s11104-008-9815-x.
Chapman, S. C., Chakraborty, S., Dreccer, M. F., and Howden, S. M. (2012). Plant Adaptation to Climate 
Change - Opportunities and Priorities in Breeding. Crop Pasture Sci. 63, 251–268. doi:10.1071/
CP11303.
Chaturvedi, P., Doerfler, H., Jegadeesan, S., Ghatak, A., Pressman, E., Castillejo, M. A., et al. (2015). Heat-
Treatment-Responsive Proteins in Different Developmental Stages of Tomato Pollen Detected by 
Targeted Mass Accuracy Precursor Alignment (tMAPA). J. Proteome Res. 14, 4463–4471. doi:10.1021/
pr501240n.
Cheng, L., Zou, Y., Ding, S., Zhang, J., Yu, X., Cao, J., et al. (2009). Polyamine accumulation in transgenic 
tomato enhances the tolerance to high temperature stress. J. Integr. Plant Biol. 51, 489–499. 
doi:10.1111/j.1744-7909.2009.00816.x.
Cheng, N. H., Liu, J. Z., Liu, X., Wu, Q., Thompson, S. M., Lin, J., et al. (2011). Arabidopsis monothiol 
glutaredoxin, AtGRXS17, is critical for temperature-dependent postembryonic growth and development 
via modulating auxin response. J. Biol. Chem. 286, 20398–20406. doi:10.1074/jbc.M110.201707.
Chou, T. S., Chao, Y. Y., and Kao, C. H. (2012). Involvement of hydrogen peroxide in heat shock- and cadmium-
induced expression of ascorbate peroxidase and glutathione reductase in leaves of rice seedlings. J. 
Plant Physiol. 169, 478–486. doi:10.1016/j.jplph.2011.11.012.
Collins, N. C., Tardieu, F., and Tuberosa, R. (2008). Quantitative trait loci and crop performance under abiotic 
stress: where do we stand? Plant Physiol. 147, 469–486. doi:10.1104/pp.108.118117.
Covell, S., Ellis, R. H., Roberts, E. H., and Summerfield, R. J. (1986). The influence of temperature on seed 
germination rate in grain legumes: A comparison of chickpea, lentil, soybean, and cowpea at constant 
temperatures. J. Exp. Bot. 37, 705–715.
Crafts-Brandner, S. J., and Salvucci, M. E. (2002). Sensitivity of photosynthesis in a C4 plant, maize, to heat 
stress. Plant Physiol. 129, 1773–1780. doi:10.1104/pp.002170.
Das, K., and Roychoudhury, A. (2014). Reactive oxygen species (ROS) and response of antioxidants as 











































Dat, J. F., Foyer, C. H., and Scott, I. M. (1998). Changes in Salicylic Acid and Antioxidants during Induced 
Thermotolerance in Mustard Seedlings. Plant Physiol. 118, 1455–1461. doi:10.1104/pp.118.4.1455.
De Storme, N., and Geelen, D. (2014). The impact of environmental stress on male reproductive development 
in plants: biological processes and molecular mechanisms. Plant. Cell Environ. 37, 1–18. doi:10.1111/
pce.12142.
del Río, L. A., Sandalio, L. M., Corpas, F. J., Palma, J. M., and Barroso, J. B. (2006). Reactive oxygen species 
and reactive nitrogen species in peroxisomes. Production, scavenging, and role in cell signaling. Plant 
Physiol. 141, 330–335. doi:10.1104/pp.106.078204.
Dodsworth, S., Chase, M. W., Särkinen, T., Knapp, S., and Leitch, A. R. (2015). Using genomic repeats for 
phylogenomics: A case study in wild tomatoes (Solanum section Lycopersicon: Solanaceae). Biol. J. 
Linn. Soc. 117, 96–105. doi:10.1111/bij.12612.
Dolferus, R. (2014). To grow or not to grow: A stressful decision for plants. Plant Sci. 229, 247–261. 
doi:10.1016/j.plantsci.2014.10.002.
Dong, X., Yi, H., Lee, J., Nou, I.-S., Han, C.-T., and Hur, Y. (2015). Global Gene-Expression Analysis to Identify 
Differentially Expressed Genes Critical for the Heat Stress Response in Brassica rapa. PLoS One 10, 
e0130451. doi:10.1371/journal.pone.0130451.
Driedonks, N., Xu, J., Peters, J. L., Park, S., and Rieu, I. (2015). Multi-Level Interactions Between Heat Shock 
Factors, Heat Shock Proteins, and the Redox System Regulate Acclimation to Heat. Front. Plant Sci. 6, 
999. doi:10.3389/fpls.2015.00999.
Dupuis, I., and Dumas, C. (1990). Influence of Temperature Stress on in Vitro Fertilization and Heat Shock 
Protein Synthesis in Maize (Zea mays L.) Reproductive Tissues. Plant Physiol. 94, 665–670.
Duzheng, Y. E. (2003). The Northward Shift of Climatic Belts in China During the Last 50 Years and the 
Corresponding Seasonal Responses. Adv. Atmospheric Sci. 20, 959–967.
Easterling, W. E. (1996). Adapting North American agriculture to climate change in review. Agric. For. 
Meteorol. 80, 1–53. doi:10.1016/0168-1923(95)02315-1.
Ehlers, J. D., and Hall, A. E. (1998). Heat tolerance of contrasting cowpea lines in short and long days. F. Crop. 
Res. 55, 11–21. doi:10.1016/S0378-4290(97)00055-5.
Endo, M., Tsuchiya, T., Hamada, K., Kawamura, S., Yano, K., Ohshima, M., et al. (2009). High temperatures 
cause male sterility in rice plants with transcriptional alterations during pollen development. Plant Cell 
Physiol. 50, 1911–1922. doi:10.1093/pcp/pcp135.
Erickson, A. N., and Markhart, A. H. (2002). Flower developmental stage and organ sensitivity of bell pepper 
(Capsicum annuum L.) to elevated temperature. Plant. Cell Environ. 25, 123–130. doi:10.1046/j.0016-
8025.2001.00807.x.
FAO (2009). Food and Agriculture Organisation (FAO) of the United Nations, Declaration of the World Summit 
on Food Security, Rome. Nov 16-18, www.fao.org/ wsfs/world-summit/en/.
Farnham, M. W., and Bjorkman, T. (2011). Breeding vegetables adapted to high temperatures: A case study 
with broccoli. HortScience 46, 1093–1097.
Feuillet, C., Langridge, P., and Waugh, R. (2008). Cereal breeding takes a walk on the wild side. Trends Genet. 
24, 24–32. doi:10.1016/j.tig.2007.11.001.
Firon, N., Pressman, E., Meir, S., Khoury, R., and Altahan, L. (2012). Ethylene is involved in maintaining 
tomato (Solanum lycopersicum) pollen quality under heat-stress conditions. AoB Plants 2012, pls024. 
doi:10.1093/aobpla/pls024.
Firon, N., Shaked, R., Peet, M. M., Pharr, D. M., and Zamski, E. (2006). Pollen grains of heat tolerant tomato 
cultivars retain higher carbohydrate concentration under heat stress conditions. Sci. Hortic. 109, 212–
217. doi:10.1016/j.scienta.2006.03.007.
Fischer, G., Shah, M., and van Velthuizen, H. (2002). Climate Change and Agricultural Vulnerability, World 
Summit on Sustainable Development. Johannesburg.












































Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M., et al. (2011). Solutions 
for a cultivated planet. Nature 478, 337–342. doi:10.1038/nature10452.
Foyer, C. H., and Noctor, G. (2005). Redox homeostasis and antioxidant signaling: a metabolic interface 
between stress perception and physiological responses. Plant Cell 17, 1866–1875. doi:10.1105/
tpc.105.033589.
Fragkostefanakis, S., Mesihovic, A., Hu, Y., and Schleiff, E. (2016a). Unfolded protein response in pollen 
development and heat stress tolerance. Plant Reprod. 29, 81–91. doi:10.1007/s00497-016-0276-8.
Fragkostefanakis, S., Mesihovic, A., Simm, S., Paupière, M. J., Hu, Y., Paul, P., et al. (2016b). HsfA2 controls 
the activity of developmentally and stress-regulated heat stress protection mechanisms in tomato male 
reproductive tissues. Plant Physiol. 170, 2461–2477. doi:10.1104/pp.15.01913.
Frank, G., Pressman, E., Ophir, R., Althan, L., Shaked, R., Freedman, M., et al. (2009). Transcriptional profiling 
of maturing tomato (Solanum lycopersicum L.) microspores reveals the involvement of heat shock 
proteins, ROS scavengers, hormones, and sugars in the heat stress response. J. Exp. Bot. 60, 3891–
3908. doi:10.1093/jxb/erp234.
Frey, F. P., Urbany, C., Hüttel, B., Reinhardt, R., and Stich, B. (2015). Genome-wide expression profiling and 
phenotypic evaluation of European maize inbreds at seedling stage in response to heat stress. BMC 
Genomics 16, 123. doi:10.1186/s12864-015-1282-1.
Füleky, G. (2009). Cultivated plants, primarily as food resources, Encyclopedia of Life Supper Systems (EOLSS) 
Vol. I.
Gechev, T. S., and Hille, J. (2005). Hydrogen peroxide as a signal controlling plant programmed cell death. J. 
Cell Biol. 168, 17–20. doi:10.1083/jcb.200409170.
Giardi, M. T., Masojidek, J., and Godde, D. (1997). Effects of abiotic stresses on the turnover of the D1 
reaction centre II protein. Physiol. Plant. 101, 635–642.
Giorno, F., Wolters-Arts, M., Grillo, S., Scharf, K.-D., Vriezen, W. H., and Mariani, C. (2010). Developmental 
and heat stress-regulated expression of HsfA2 and small heat shock proteins in tomato anthers. J. Exp. 
Bot. 61, 453–462. doi:10.1093/jxb/erp316.
Giorno, F., Wolters-Arts, M., Mariani, C., and Rieu, I. (2013). Ensuring Reproduction at High Temperatures: 
The Heat Stress Response during Anther and Pollen Development. Plants 2, 489–506. doi:10.3390/
plants2030489.
Gitay, H., Brown, S., Easterling, W., and Jallow, B. (2001). Ecosystems and Their Goods and Services. Clim. 
Chang. 2001 Impacts, Adapt. Vulnerability, 237–342. doi:10.1387/ijdb.113386mm.
Godfray, C., Beddington, J., Crute, I., Haddad, L., Lawrence, D., Muir, J. F., et al. (2010). Food Security: The 
Challenge of Feeding 9 Billion People. Science 327, 812–818. doi:10.1126/science.1185383.
Goetz, M., Godt, D. E., Guivarc’h, A., Kahmann, U., Chriqui, D., and Roitsch, T. (2001). Induction of male 
sterility in plants by metabolic engineering of the carbohydrate supply. Proc. Natl. Acad. Sci. U. S. A. 
98, 6522–7. doi:10.1073/pnas.091097998.
Gororo, N. N., Eagles, H. A., Eastwood, R. F., Nicolas, M. E., and Flood, R. G. (2002). Use of Triticum 
tauschii to improve yield of wheat in low-yielding environments. Euphytica 123, 241–254. 
doi:10.1023/A:1014910000128.
Grandillo, S., Chetelat, R., Knapp, S., Spooner, D., Peralta, I., Cammareri, M., et al. (2011). “Solanum sect. 
Lycopersicon,” in Wild Crop Relatives: Genomic and Breeding Resources Vegetables, ed. C. Kole 
(Springer-Verlag Berlin Heidelberg), 129–216. doi:10.1007/978-3-642-20450-09.
Grandillo, S., Tanksley, S. D., and Zamir, D. (2007). “Exploitation of natural biodiversity through genomics,” 
in Genomics-Assisted Crop Improvement: Vol. 1: Genomics Approaches and Platforms, 121–150. 
doi:10.1007/978-1-4020-6295-7_6.
Gross, B. L., and Olsen, K. M. (2010). Genetic perspectives on crop domestication. Trends Plant Sci. 15, 
529–537. doi:10.1016/j.tplants.2010.05.008.
Grover, A., Mittal, D., Negi, M., and Lavania, D. (2013). Generating high temperature tolerant transgenic 










































Gupta, A. S., Webb, R. P., Holaday, A. S., and Allen, R. D. (1993). Overexpression of Superoxide Dismutase 
Protects Plants from Oxidative Stress. Induction of Ascorbate Peroxidase in Superoxide Dismutase-
Overexpressing Plants. Plant Physiol. 103, 1067–1073. doi:10.2307/4275509.
Hall, A. E. (2001). Heat stress and its Impact, Crop Responses to Environment. CRC Press LLC, Boca Raton, 
Florida.
Hansen, J., Sato, M., Hearty, P., Ruedy, R., Kelley, M., Masson-Delmotte, V., et al. (2015). Ice melt, sea level rise 
and superstorms: evidence from paleoclimate data, climate modeling, and modern observations that 
2°C global warming is highly dangerous. Atmos. Chem. Phys. Discuss. 15, 20059–20179. doi:10.5194/
acpd-15-20059-2015.
Hasanuzzaman, M., Nahar, K., Alam, M. M., Roychowdhury, R., and Fujita, M. (2013). Physiological, 
biochemical, and molecular mechanisms of heat stress tolerance in plants. Int. J. Mol. Sci. 14, 9643–
9684. doi:10.3390/ijms14059643.
Hatfield, J. L., Boote, K. J., Kimball, B. A., Ziska, L. H., Izaurralde, R. C., Ort, D., et al. (2011). Climate impacts on 
agriculture: implications for crop production. Agron. J. 103, 351–370. doi:10.2134/agronj2010.0303.
Hayat, S., Masood, A., Yusuf, M., Fariduddin, Q., and Ahmad, A. (2009). Growth of Indian mustard (Brassica 
juncea L.) in response to salicylic acid under high-temperature stress. Brazilian J. Plant Physiol. 23, 
261–266. doi:10.1590/S1677-04202009000300003
Hedhly, A. (2011). Sensitivity of flowering plant gametophytes to temperature fluctuations. Environ. Exp. Bot. 
74, 9–16. doi:10.1016/j.envexpbot.2011.03.016.
Hedhly, A., Hormaza, J. I., and Herrero, M. (2009). Global warming and sexual plant reproduction. Trends 
Plant Sci. 14, 30–36. doi:10.1016/j.tplants.2008.11.001.
Hossain, M. A., Bhattacharjee, S., Armin, S.-M., Qian, P., Xin, W., Li, H.-Y., et al. (2015). Hydrogen peroxide 
priming modulates abiotic oxidative stress tolerance: insights from ROS detoxification and scavenging. 
Front. Plant Sci. 6, 1–19. doi:10.3389/fpls.2015.00420.
Howell, S. H. (2013). Endoplasmic reticulum stress responses in plants. Annu. Rev. Plant Biol. 64, 477–499. 
doi:10.1146/annurev-arplant-050312-120053.
Huang, X., and Han, B. (2014). Natural variations and genome-wide association studies in crop plants. Annu. 
Rev. Plant Biol. 65, 531–551. doi:10.1146/annurev-arplant-050213-035715.
Huang, X., Zhao, Y., Wei, X., Li, C., Wang, A., Zhao, Q., et al. (2011). Genome-wide association study of 
flowering time and grain yield traits in a worldwide collection of rice germplasm. Nat. Genet. 44, 
32–39. doi:10.1038/ng.1018.
Hwang, J. E., Lim, C. J., Chen, H., Je, J., Song, C., and Lim, C. O. (2012). Overexpression of Arabidopsis 
dehydration-responsive element-binding protein 2C confers tolerance to oxidative stress. Mol. Cells 33, 
135–140. doi:10.1007/s10059-012-2188-2.
IPCC (2007). Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the 
Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Solomon, S., Qin, 
D., Manning, M., Alley, R. B., Berntsen, T., Bindoff, N. L., Chen, Z., C. Cambridge, UK and New 
York, NY, USA: Cambridge University Press. Available at: http://www.ipcc.ch/publications_and_data/
publications_ipcc_fourth_assessment_report_wg1_report_the_physical_science_basis.htm.
IPCC (2013). Summary for Policymakers Climate Change 2013: The Physical Science Basis Contribution of 
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, 
Stocker, TF Qin, D Plattner, G-K Tignor, M Allen, SK Boschung, J Naue. Cambridge, United Kingdom 
and New York, NY, USA Available at: https://www.ipcc.ch/report/ar5/.
Iwahori, S. (1965). High temperature injuries in tomato. IV. Development of normal flower buds and 
morphological abnormalities of flower buds treated with high temperature. J. Japan Soc. Hortic. Sci. 
34, 33–41.
Jagadish, K. S. V., Muthurajan, R., Oane, R., Wheeler, T. R., Heuer, S., Bennett, J., et al. (2010). Physiological 
and proteomic approaches to address heat tolerance during anthesis in rice (Oryza sativa L.). J. Exp. 











































Jagadish, K. S. V., Craufurd, P., Shi, W., and Oane, R. (2014). A phenotypic marker for quantifying heat stress 
impact during microsporogenesis in rice (Oryza sativa L.). Funct. Plant Biol. 41, 48–55. doi:10.1071/
FP13086.
Jain, M., Prasad, P. V. V., Boote, K. J., Hartwell, A. L., and Chourey, P. S. (2007). Effects of season-long high 
temperature growth conditions on sugar-to-starch metabolism in developing microspores of grain 
sorghum (Sorghum bicolor L. Moench). Planta 227, 67–79. doi:10.1007/s00425-007-0595-y.
Jha, U. C., Bohra, A., and Singh, N. P. (2014). Heat stress in crop plants: its nature, impacts and integrated 
breeding strategies to improve heat tolerance. Plant Breed. 133, 679–701. doi:10.1111/pbr.12217.
Jia, G., Huang, X., Zhi, H., Zhao, Y., Zhao, Q., Li, W., et al. (2013). A haplotype map of genomic variations 
and genome-wide association studies of agronomic traits in foxtail millet (Setaria italica). Nat. Genet. 
45, 957–961. doi:10.1038/ng.2673.
Kang, N., Kang, Y., Kang, K., and ByoungRyong, J. (2009). Induction of thermotolerance and activation of 
antioxidant enzymes in H2O2 pre-applied leaves of cucumber and tomato seedlings. J. Japanese Soc. 
Hortic. Sci. 78, 320–329.
Kenny, G. J., Harrison, P. A., Olesen, J. E., and Parry, M. L. (1993). The effects of climate change on land 
suitability of grain maize, winter wheat and cauliflower in Europe. Eur. J. Agron. 2, 325–338.
Kim, S. Y., Hong, C. B., and Lee, I. (2001). Heat Shock Stress Causes Stage-specific Male Sterility in Arabidopsis 
thaliana. J. Plant Res. 114, 301–307. doi:10.1007/PL00013991.
Kotak, S., Larkindale, J., Lee, U., von Koskull-Döring, P., Vierling, E., and Scharf, K. D. (2007). Complexity of 
the heat stress response in plants. Curr. Opin. Plant Biol. 10, 310–316. doi:10.1016/j.pbi.2007.04.011.
Kugblenu, Y. O., Oppong Danso, E., Ofori, K., Andersen, M. N., Abenney-Mickson, S., Sabi, E., et al. (2013). 
Screening tomato genotypes in Ghana for adaptation to high temperature. Acta Agric. Scand. Sect. 
B — Soil Plant Sci. 63, 516–522. doi:10.1080/09064710.2013.813062.
Ladizinsky, G. (1985). Founder Effect in Crop-plant Evolution. Ecomonic Bot. 39, 191–199.
Larkindale, J., and Knight, M. R. (2002). Protection against Heat Stress-Induced Oxidative Damage in 
Arabidopsis Involves Calcium, Abscisic Acid, Ethylene, and Salicylic Acid. 128, 682–695. doi:10.1104/
pp.010320.682.
Lavania, D., Dhingra, A., Siddiqui, M. H., Al-Whaibi, M. H., and Grover, A. (2015). Current status of the 
production of high temperature tolerant transgenic crops for cultivation in warmer climates. Plant 
Physiol. Biochem. 86, 100–108. doi:10.1016/j.plaphy.2014.11.019.
Lee, S. L. J., and Warmke, H. E. (1979). Organelle Size and Number in Fertile and T-Cytoplasmic Male-Sterile 
Corn. Am. J. Bot. 66, 141–148.
Levy, D., and Veilleux, R. E. (2007). Adaptation of potato to high temperatures and salinity-a review. Am. J. 
Potato Res. 84, 487–506. doi:10.1007/BF02987885.
Li, N., Zhang, D.-S., Liu, H.-S., Yin, C.-S., Li, X. -X., Liang, W. -Q., et al. (2006). The Rice Tapetum Degeneration 
Retardation Gene Is Required for Tapetum Degradation and Anther Development. Plant Cell Online 18, 
2999–3014. doi:10.1105/tpc.106.044107.
Li, X.-M., Chao, D.-Y., Wu, Y., Huang, X., Chen, K., Cui, L.-G., et al. (2015a). Natural alleles of a proteasome 
α2 subunit gene contribute to thermotolerance and adaptation of African rice. Nat. Genet. 47, 827–
833. doi:10.1038/ng.3305.
Li, X., Lawas, L. M. F., Malo, R., Glaubitz, U., Erban, A., Mauleon, R., et al. (2015b). Metabolic and 
transcriptomic signatures of rice floral organs reveal sugar starvation as a factor in reproductive failure 
under heat and drought stress. Plant. Cell Environ. 38, 2171–92. doi:10.1111/pce.12545.
Li, Y., Zhao, S., Ma, J., Li, D., Yan, L., Li, J., et al. (2013). Molecular footprints of domestication and improvement 
in soybean revealed by whole genome re-sequencing. BMC Genomics 14, 579. doi:10.1186/1471-
2164-14-579.
Lijavetzky, D., Cabezas, J., Ibáñez, A., Rodríguez, V., and Martínez-Zapater, J. M. (2007). High throughput SNP 
discovery and genotyping in grapevine (Vitis vinifera L.) by combining a re-sequencing approach and 










































Lillig, C. H., Berndt, C., and Holmgren, A. (2008). Glutaredoxin systems. Biochim. Biophys. Acta - Gen. Subj. 
1780, 1304–1317. doi:10.1016/j.bbagen.2008.06.003.
Lippman, Z. B., Semel, Y., and Zamir, D. (2007). An integrated view of quantitative trait variation using tomato 
interspecific introgression lines. Curr. Opin. Genet. Dev. 17, 545–552. doi:10.1016/j.gde.2007.07.007.
Liu, G.-T., Wang, L., Li, S., Wang, J., Cramer, G., Dai, Z., et al. (2012). Transcriptomic analysis of grape (Vitis 
vinifera L.) leaves during and after recovery from heat stress. BMC Plant Biol. 12, 174. doi:10.1186/1471-
2229-12-174.
Lobell, D., and Gourdji, S. (2012). The influence of climate change on global crop productivity. Plant Physiol. 
160, 1686–1697. doi:10.1104/pp.112.208298.
Lotze-Campen, H., and Schellnhuber, H.-J. (2009). Climate impacts and adaptation options in agriculture: 
what we know and what we don’t know. J. für Verbraucherschutz und Leb. 4, 145–150. doi:10.1007/
s00003-009-0473-6.
Luo, Q. (2011). Temperature thresholds and crop production: A review. Clim. Change 109, 583–598. 
doi:10.1007/s10584-011-0028-6.
Lyman, N. B., Jagadish, K. S. V, Nalley, L. L., Dixon, B. L., and Siebenmorgen, T. (2013). Neglecting Rice 
Milling Yield and Quality Underestimates Economic Losses from High-Temperature Stress. PLoS One 8, 
e72157. doi:10.1371/journal.pone.0072157.
Mace, E. S., Tai, S., Gilding, E. K., Li, Y., Prentis, P. J., Bian, L., et al. (2013). Whole-genome sequencing 
reveals untapped genetic potential in Africa’s indigenous cereal crop sorghum. Nat. Commun. 4, 2320. 
doi:10.1038/ncomms3320.
Maduraimuthu, D., and Prasad, P. V. V. (2014). “High Temperature Stress,” in Plant Genetic Resources and 
Climate Change, eds. M. Jackson, B. V. Ford-Lloyd, and M. L. Perry (CABI), 201–220.
Maestri, E., Klueva, N., Perrotta, C., Gulli, M., Nguyen, H. T., and Marmiroli, N. (2002). Molecular genetics of 
heat tolerance and heat shock proteins in cereals. Plant Mol. Biol. 48, 667–681.
Mangelsen, E., Kilian, J., Harter, K., Jansson, C., Wanke, D., and Sundberg, E. (2011). Transcriptome analysis 
of high-temperature stress in developing barley caryopses: Early stress responses and effects on storage 
compound biosynthesis. Mol. Plant 4, 97–115. doi:10.1093/mp/ssq058.
Mathur, S., Agrawal, D., and Jajoo, A. (2014). Photosynthesis: Response to high temperature stress. J. 
Photochem. Photobiol. B. 137, 116–126. doi:10.1016/j.jphotobiol.2014.01.010.
McDonald, G. K., and Paulsen, G. M. (1997). High temperature effects on photosynthesis and water relations 
of grain legumes. 196, 47–58.
Meyer, R. S., and Purugganan, M. D. (2013). Evolution of crop species: genetics of domestication and 
diversification. Nat. Rev. Genet. 14, 840–852. doi:10.1038/nrg3605.
Mickelbart, M. V., Hasegawa, P. M., and Bailey-Serres, J. (2015). Genetic mechanisms of abiotic stress 
tolerance that translate to crop yield stability. Nat. Rev. Genet. 16, 237–251. doi:10.1038/nrg3901.
Miller, G., Schlauch, K., Tam, R., Cortes, D., Torres, M. a, Shulaev, V., et al. (2009). The plant NADPH 
oxidase RBOHD mediates rapid systemic signaling in response to diverse stimuli. Sci. Signal. 2, ra45. 
doi:10.1126/scisignal.2000448.
Mittal, D., Madhyastha, D. A., and Grover, A. (2012). Gene expression analysis in response to low 
and high temperature and oxidative stresses in rice: combination of stresses evokes different 
transcriptional changes as against stresses applied individually. Plant Sci. 197, 102–113. doi:10.1016/j.
plantsci.2012.09.008.
Momonoki, Y. S., and Momonoki, T. (1993). Changes in Acetylcholine-Hydrolyzing Activity in Heat-Stressed 
Plant Cultivars. Biosci. Biotechnol. Biochem. 62, 438–446. doi:10.1248/cpb.37.3229.
Morgan, R. W., Christman, M. F., Jacobson, F. S., Storz, G., and Ames, B. N. (1986). Hydrogen peroxide-
inducible proteins in Salmonella typhimurium overlap with heat shock and other stress proteins. Proc. 











































Morimoto, R. I. (1998). Regulation of the heat shock transcriptional response: cross talk between a family 
of heat shock factors, molecular chaperones, and negative regulators. Genes Dev. 12, 3788–3796. 
doi:10.1101/gad.12.24.3788.
Morris, G. P., Ramu, P., Deshpande, S. P., Hash, C. T., Shah, T., Upadhyaya, H. D., et al. (2013). Population 
genomic and genome-wide association studies of agroclimatic traits in sorghum. Proc. Natl. Acad. Sci. 
U. S. A. 110, 453–458. doi:10.1073/pnas.1215985110.
Mostofa, M. G., Yoshida, N., and Fujita, M. (2013). Spermidine pretreatment enhances heat tolerance in rice 
seedlings through modulating antioxidative and glyoxalase systems. Plant Growth Regul. 73, 31–44. 
doi:10.1007/s10725-013-9865-9.
Müller, F., and Rieu, I. (2016). Acclimation to high temperature during pollen development. Plant Reprod. 29, 
107–118. doi:10.1007/s00497-016-0282-x.
Müller, F., Xu, J., Kristensen, L., Wolters-Arts, M., de Groot, P. F. M., Mariani, C., et al. (2016). High-
Temperature-Induced Defects in Tomato (Solanum lycopersicum) Anther and Pollen Development Are 
Associated with Reduced Expression of B-Class Floral Patterning Genes. PLoS One. 11, e0167614. 
doi:10.1371/journal.pone.0167614.
Navrot, N., Rouhier, N., Gelhaye, E., and Jacquot, J. P. (2007). Reactive oxygen species generation and 
antioxidant systems in plant mitochondria. Physiol. Plant. 129, 185–195. doi:10.1111/j.1399-
3054.2006.00777.x.
O’Kane, D., Gill, V., Boyd, P., and Burdon, R. (1996). Chilling, oxidative stress and antioxidant responses in 
Arabidopsis thaliana callus. Planta 198, 371–377. doi:10.1007/BF00195186.
Olesen, J. E., and Bindi, M. (2002). Consequences of climate change for European agricultural productivity, 
land use and policy. Eur. J. Agron. 16, 239–262. doi:10.1016/S1161-0301(02)00004-7.
Olsen, K. M., and Wendel, J. F. (2013). A bountiful harvest: genomic insights into crop domestication 
phenotypes. Annu. Rev. Plant Biol. 64, 47–70. doi:10.1146/annurev-arplant-050312-120048.
Opena, R. T., Chen, J. T., Kuo, G. T., and Chen, H. M. (1992). “Genetic and physiological aspects of tropical 
adaptation in tomato,” in Adaptation of Food Crops to Temperature and Water Stress (Asian Vegetable 
Research and Development Center: Shanua, Taiwan), 257–270.
Ortiz, R., Braun, H. J., Crossa, J., Crouch, J. H., Davenport, G., Dixon, J., et al. (2008). Wheat genetic resources 
enhancement by the International Maize and Wheat Improvement Center (CIMMYT). Genet. Resour. 
Crop Evol. 55, 1095–1140. doi:10.1007/s10722-008-9372-4.
Oshino, T., Abiko, M., Saito, R., Ichiishi, E., Endo, M., Kawagishi-Kobayashi, M., et al. (2007). Premature 
progression of anther early developmental programs accompanied by comprehensive alterations in 
transcription during high-temperature injury in barley plants. Mol. Genet. Genomics 278, 31–42. 
doi:10.1007/s00438-007-0229-x.
Pacini, E. (1996). Types and meaning of pollen carbohydrate reserves. Sex. Plant Reprod. 9, 362–366. 
doi:10.1007/s004970050057.
Pacini, E., Franchi, G. G., and Hesse, M. (1985). The tapetum: Its form, function, and possible phylogeny in 
Embryophyta. Plant Syst. Evol. 149, 155–185.
Paran, I., and Van Der Knaap, E. (2007). Genetic and molecular regulation of fruit and plant domestication 
traits in tomato and pepper. J. Exp. Bot. 58, 3841–3852. doi:10.1093/jxb/erm257.
Parish, R. W., and Li, S. F. (2010). Death of a tapetum: A programme of developmental altruism. Plant Sci. 
178, 73–89. doi:10.1016/j.plantsci.2009.11.001.
Park, S. E., Marshall, N. A., Jakku, E., Dowd, A. M., Howden, S. M., Mendham, E., et al. (2012). Informing 
adaptation responses to climate change through theories of transformation. Glob. Environ. Chang. 22, 
115–126. doi:10.1016/j.gloenvcha.2011.10.003.
Peet, M. M., Sato, S., and Gardner, R. G. (1998). Comparing heat stress effects on male-fertile and male-
sterile tomatoes. Plant. Cell Environ. 21, 225–231.
Peet, M. M., Willits, D. H., and Gardner, R. (1997). Response of ovule development and post-pollen production 











































Peng, S., Huang, J., Sheehy, J. E., Laza, R. C., Visperas, R. M., Zhong, X., et al. (2004). Rice yields decline 
with higher night temperature from global warming. Proc. Natl. Acad. Sci. U. S. A. 101, 9971–9975. 
doi:10.1073/pnas.0403720101.
Peralta, I. E., and Spooner, D. M. (2005). Morphological Characterization and Relationships of Wild Tomatoes 
(Solanum L. sect. Lycopersicon). A Festschrift William G. D’Arcy. 104, 227–257.
Peralta, I. E., Spooner, D. M., and Knapp, S. (2008). “Taxonomy of Wild Tomatoes and their Relatives (Solanum 
sect. Lycopersicoides, sect. Juglandifolia, sect. Lycopersicon; Solanaceae),” in Systematic Botany 
Monographs, ed. C. Anderson (The American Society Of Plant Taxonomists), 1–186. doi:10.1126/
science.113.2935.3.
Podlich, D. W., Winkler, C. R., and Cooper, M. (2004). Mapping As You Go. An Effective Approach for Marker 
Assisted Selection of Complex Traits. Crop Sci. 44, 1560–1571.
Porter, J. R., and Gawith, M. (1999). Temperatures and the growth and development of wheat: A review. Eur. 
J. Agron. 10, 23–36. doi:10.1016/S1161-0301(98)00047-1.
Pradhan, G. P., Prasad, P. V. V, Fritz, A. K., Kirkham, M. B., and Gill, B. S. (2012). High temperature tolerance 
in Aegilops species and its potential transfer to wheat. Crop Sci. 52, 292–304. doi:10.2135/
cropsci2011.04.0186.
Prasad, P. V. V., Boote, K. J., Allen, L. H., Sheehy, J. E., and Thomas, J. M. G. (2006). Species, ecotype and 
cultivar differences in spikelet fertility and harvest index of rice in response to high temperature stress. 
F. Crop. Res. 95, 398–411. doi:10.1016/j.fcr.2005.04.008.
Pressman, E. (2002). The Effect of Heat Stress on Tomato Pollen Characteristics is Associated with Changes 
in Carbohydrate Concentration in the Developing Anthers. Ann. Bot. 90, 631–636. doi:10.1093/aob/
mcf240.
Pressman, E., Shaked, R., Shen, S., Altahan, L., and Firon, N. (2012). Variations in Carbohydrate Content 
and Sucrose-Metabolizing Enzymes in Tomato (Solanum lycopersicum L.) Stamen Parts during Pollen 
Maturation. Am. J. Plant Sci. 3, 252–260. doi:10.4236/ajps.2012.32030.
Proels, R. K., González, M.-C., and Roitsch, T. (2006). Gibberellin-dependent induction of tomato extracellular 
invertase Lin7 is required for pollen development. Funct. Plant Biol. 33, 547–554.
Qi, J., Liu, X., Shen, D., Miao, H., Xie, B., Li, X., et al. (2013). A genomic variation map provides insights into 
the genetic basis of cucumber domestication and diversity. Nat. Genet. 45, 1510–1515. doi:10.1038/
ng.2801.
Reilly, J. M., Tubiello, F. N., McCarl, B. A., Abler, D., Darwin, R., Fuglie, K., et al. (2003). U.S. Agriculture and 
Climate Change: New Results. Clim. Change 57, 43–67. doi:10.1023/A:1022103315424.
Rieu, I., Twell, D., and Firon, N. (2017). Pollen Development at High Temperature: from Acclimation to 
Collapse. Plant Physiol. 173, 1967-1976. doi:10.1104/pp.16.01644.
Rodrigo, J., and Herrero, M. (2002). Effects of pre-blossom temperatures on flower development and fruit set 
in apricot. Sci. Hortic. 92, 125–135. doi:10.1016/S0304-4238(01)00289-8.
Rosenzweig, C., and Tubiello, F. N. (2007). Adaptation and mitigation strategies in agriculture: An analysis 
of potential synergies. Mitig. Adapt. Strateg. Glob. Chang. 12, 855–873. doi:10.1007/s11027-007-
9103-8.
Ruan, Y.-L., Jin, Y., Yang, Y.-J., Li, G.-J., and Boyer, J. S. (2010). Sugar input, metabolism, and signaling 
mediated by invertase: roles in development, yield potential, and response to drought and heat. Mol. 
Plant 3, 942–955. doi:10.1093/mp/ssq044.
Rui, R., Nie, Y., and Tong, H. (1990). SOD activity as a parameter for screening stress-tolerant germplasm 
resources in sweet potato (Ipomoea batatas L.). J. Agric. Sci. 6, 52–56.
Sacks, W. J., Deryng, D., Foley, J. A., and Ramankutty, N. (2010). Crop planting dates: An analysis of global 
patterns. Glob. Ecol. Biogeogr. 19, 607–620. doi:10.1111/j.1466-8238.2010.00551.x.
Saha, S. R., Hossain, M. M., Rahman, M. M., Kuo, C. G., and Abdullah, S. (2010). Effect of high temperature 
stress on the performance of twelve sweet pepper genotypes. Bangladesh J. Agric. Res. 35, 525–534.
Sairam, R. K., Srivastava, G. C., and Saxena, D. C. (2000). Increased Antioxidant Activity under Elevated 











































Sakata, T., and Higashitani, A. (2008). Male sterility accompanied with abnormal anther development in 
plants–genes and environmental stresses with special reference to high temperature injury. Intl J 
Plant Dev Biol 2, 42–51. Available at: http://www.globalsciencebooks.info/JournalsSup/images/0806/
IJPDB_2(1)42-51o.pdf.
Sakata, T., Yagihashi, N., Higashitani, A., Miyazawa, Y., Takahashi, H., Watanabe, M., et al. (2010). Auxins 
reverse plant male steritily caused by high temperatures. PNAS 5107, 8569–8574. doi:10.1073/
pnas.1000869107.
Sarkar, N. K., Kim, Y. K., and Grover, A. (2014). Coexpression network analysis associated with call of rice 
seedlings for encountering heat stress. Plant Mol. Biol. 84, 125–143. doi:10.1007/s11103-013-0123-
3.
Sato, S., Kamiyama, M., Iwata, T., Makita, N., Furukawa, H., and Ikeda, H. (2006). Moderate increase of 
mean daily temperature adversely affects fruit set of Lycopersicon esculentum by disrupting specific 
physiological processes in male reproductive development. Ann. Bot. 97, 731–738. doi:10.1093/aob/
mcl037.
Scharf, K.-D., Berberich, T., Ebersberger, I., and Nover, L. (2012). The plant heat stress transcription factor 
(Hsf) family: Structure, function and evolution. Biochim. Biophys. Acta 1819, 104–119. doi:10.1016/j.
bbagrm.2011.10.002.
Schoper, J. B., Lambert, R. J., Vasilas, B. L., and Westgate, M. E. (1987). Plant Factors Controlling Seed Set in 
Maize: the influence of silk, pollen, and ear-leaf water status and tassel heat treatment at pollination. 
Plant Physiol. 83, 121–125.
Scott, R. J., Spielman, M., and Dickinson, H. G. (2004). Stamen Structure and Function. Plant Cell 16, S46–
S60. doi:10.1105/tpc.017012.
Selinski, J., and Scheibe, R. (2014). Pollen tube growth: where does the energy come from? Plant Signal. 
Behav. 9, e977200. doi:10.4161/15592324.2014.977200.
Sharkey, T. D., and Schrader, S. M. (2006). “High Temperature Stress,” in Physiology and Molecular Biology of 
Stress Tolerance (Published by Springer, Dordrecht, The Netherlands), 101–130.
Shi, J., Cui, M., Yang, L., Kim, Y. J., and Zhang, D. (2015). Genetic and Biochemical Mechanisms of Pollen Wall 
Development. Trends Plant Sci. 20, 741–753. doi:10.1016/j.tplants.2015.07.010.
Smillie, R. M., and Nott, R. (1979). Heat Injury in Leaves of Alpine, Temperate and Tropical Plants. Funct. Plant 
Biol. 6, 135–141. Available at: http://www.publish.csiro.au/?paper=PP9790135.
Smit, B., and Skinner, M. W. (2002). Adaptation Options in Agriculture To Climate Change: a typology. Mitig. 
Adapt. Strateg. Glob. Chang. 7, 85–114. doi:10.1023/A:1015862228270.
Smithers, J., and Blay-Palmer, A. (2001). Technology innovation as a strategy for climate adaptation in 
agriculture. Appl. Geogr. 21, 175–197. doi:10.1016/S0143-6228(01)00004-2.
Stevenson, W. R., Loria, R., Franc, G. C., and Weingartner, D. P. (2001). “Physiological Disorders of Tubers: 
Internal Symptoms,” in Compendium of Potato Diseases (St. Paul, MN: American Phytopathological 
Society).
Stone, P. (2001). “The effects of heat stress on cereal yield and quality,” in Crop Responses and Adaptations 
to Temperature Stress., ed. A. S. Basra (Food Products Press, Binghamton, NY), 243–291.
Suzuki, K., Takeda, H., Tsukaguchi, T., and Egawa, Y. (2001). Ultrastructural study on degeneration of tapetum 
in anther of snap bean (Phaseolus vulgaris L.) under heat stress. Sex. Plant Reprod. 13, 293–299.
Suzuki, N., Miller, G., Sejima, H., Harper, J., and Mittler, R. (2013). Enhanced seed production under prolonged 
heat stress conditions in Arabidopsis thaliana plants deficient in cytosolic ascorbate peroxidase 2. J. 
Exp. Bot. 64, 253–263.
Takeoka, Y., Hiroi, K., Kitano, H., and Wada, T. (1991). Pistil hyperplasia in rice spikelets as affected by heat 
stress. Sex. Plant Reprod. 4, 39–43. doi:10.1007/BF00194570.
Tang, R. S., Zheng, J. C., Jin, Z. Q., Zhang, D. D., Huang, Y. H., and Chen, L. G. (2008). Possible correlation 
between high temperature-induced floret sterility and endogenous levels of IAA, GAs and ABA in rice 










































Tanksley, S. D., and McCouch, S. R. (1997). Seed banks and molecular maps: unlocking genetic potential from 
the wild. Science 277, 1063–1066. doi:10.1126/science.277.5329.1063.
Tchebakova, N. M., Parfenova, E. I., Lysanova, G. I., and Soja, A. J. (2011). Agroclimatic potential across 
central Siberia in an altered twenty-first century. Environ. Res. Lett. 6, 45207. doi:10.1088/1748-
9326/6/4/045207.
Tebaldi, C., Hayhoe, K., Arblaster, J. M., and Meehl, G. A. (2006). Going to the extremes: An intercomparison 
of model-simulated historical and future changes in extreme events. Clim. Change 79, 185–211. 
doi:10.1007/s10584-006-9051-4.
Teixeira, E. I., Fischer, G., Van Velthuizen, H., Walter, C., and Ewert, F. (2013). Global hot-spots of heat 
stress on agricultural crops due to climate change. Agric. For. Meteorol. 170, 206–215. doi:10.1016/j.
agrformet.2011.09.002.
Tester, M., and Langridge, P. (2010). Breeding technologies to increase crop production in a changing world. 
Science 327, 818–822. doi:10.1126/science.1183700.
Tonsor, S. J., Scott, C., Boumaza, I., Liss, T. R., Brodsky, J. L., and Vierling, E. (2008). Heat shock protein 101 
effects in A. thaliana: Genetic variation, fitness and pleiotropy in controlled temperature conditions. 
Mol. Ecol. 17, 1614–1626. doi:10.1111/j.1365-294X.2008.03690.x.
Torres, M. A., and Dangl, J. L. (2005). Functions of the respiratory burst oxidase in biotic interactions, abiotic 
stress and development. Curr. Opin. Plant Biol. 8, 397–403. doi:10.1016/j.pbi.2005.05.014.
Tubiello, F. N., Rosenzweig, C., Goldberg, R. A., Jagtap, S., and Jones, J. W. (2002). Effects of climate change 
on US crop production: Simulation results using two different GCM scenarios. Part I: Wheat, potato, 
maize, and citrus. Clim. Res. 20, 259–270. doi:10.3354/cr020259.
Ulukan, H. (2008). Agronomic adaptation of some field crops: A general approach. J. Agron. Crop Sci. 194, 
169–179. doi:10.1111/j.1439-037X.2008.00306.x.
Vacca, R. A., Pinto, M. C. De, Valenti, D., Passarella, S., Marra, E., Nazionale, C., et al. (2004). Production 
of Reactive Oxygen Species, Alteration of Cytosolic Ascorbate Peroxidase, and Impairment of 
Mitochondrial Metabolism Are Early Events in Heat Shock-Induced Programmed Cell Death in Tobacco 
Bright-Yellow 2 Cells 1. Plant Physiol. 134, 1100–1112. doi:10.1104/pp.103.035956.persensitive.
Vierling, E. (1991). The Roles of Heat Shock Proteins in Plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 42, 
579–620. doi:10.1146/annurev.pp.42.060191.003051.
Volkov, R. A., Panchuk, I. I., Mullineaux, P. M., and Schöffl, F. (2006). Heat stress-induced H2O2 is required for 
effective expression of heat shock genes in Arabidopsis. Plant Mol. Biol. 61, 733–746. doi:10.1007/
s11103-006-0045-4.
Wahid, A., Gelani, S., Ashraf, M., and Foolad, M. (2007). Heat tolerance in plants: An overview. Environ. Exp. 
Bot. 61, 199–223. doi:10.1016/j.envexpbot.2007.05.011.
Wang, L., Guo, Y., Jia, L., Chu, H., Zhou, S., Chen, K., et al. (2014a). Hydrogen Peroxide Acts Upstream of 
Nitric Oxide in the Heat Shock Pathway in Arabidopsis Seedlings. Plant Physiol. 164, 2184–2196. 
doi:10.1104/pp.113.229369.
Wang, L., and Ruan, Y.-L. (2016). Critical Roles of Vacuolar Invertase in Floral Organ Development and Male 
and Female Fertilities Are Revealed through Characterization of GhVIN1-RNAi Cotton Plants. Plant 
Physiol. 171, 405–423. doi:10.1104/pp.16.00197.
Wang, W., Vinocur, B., Shoseyov, O., and Altman, A. (2004). Role of plant heat-shock proteins and 
molecular chaperones in the abiotic stress response. Trends Plant Sci. 9, 244–252. doi:10.1016/j.
tplants.2004.03.006.
Wang, Y., Zhang, J., Li, J.-L., and Ma, X.-R. (2014b). Exogenous hydrogen peroxide enhanced the 
thermotolerance of Festuca arundinacea and Lolium perenne by increasing the antioxidative capacity. 
Acta Physiol. Plant. 36, 2915–2924. doi:10.1007/s11738-014-1661-2.
Wheeler, T. R., Craufurd, P. Q., Ellis, R. H., Porter, J. R., and Prasad, P. V. V. (2000). Temperature variability and 











































Wu, Q., Lin, J., Liu, J.-Z., Wang, X., Lim, W., Oh, M., et al. (2012). Ectopic expression of Arabidopsis 
glutaredoxin AtGRXS17 enhances thermotolerance in tomato. Plant Biotechnol. J. 10, 945–955. 
doi:10.1111/j.1467-7652.2012.00723.x.
Xu, J., Wolters-Arts, M., Mariani, C., Heidrun, H., and Rieu, I. (2017). Heat stress affects vegetative and 
reproductive performance and trait correlations in tomato (Solanum lycopersicum). Euphytica 213:156. 
doi:10.1007/s10681-017-1949-6.
Xu, J., Zhao, Q., Du, P., Xu, C., Wang, B., Feng, Q., et al. (2010). Developing high throughput genotyped 
chromosome segment substitution lines based on population whole-genome re-sequencing in rice 
(Oryza sativa L.). BMC Genomics 11, 656. doi:10.1186/1471-2164-11-656.
Yamamoto, K., Sakamoto, H., and Momonoki, Y. S. (2011). Maize acetylcholinesterase is a positive regulator 
of heat tolerance in plants. J. Plant Physiol. 168, 1987–1992. doi:10.1016/j.jplph.2011.06.001.
Yan, K., Chen, N., Qu, Y. Y., Dong, X. C., Meng, Q. W., and Zhao, S. J. (2008). Overexpression of sweet pepper 
glycerol-3-phosphate acyltransferase gene enhanced thermotolerance of photosynthetic apparatus in 
transgenic tobacco. J. Integr. Plant Biol. 50, 613–621. doi:10.1111/j.1744-7909.2008.00652.x.
Yi, J., Moon, S., Lee, Y.-S., Zhu, L., Liang, W., Zhang, D., et al. (2016). Defective Tapetum Cell Death 1 (DTC1) 
Regulates ROS Levels by Binding to Metallothionein during Tapetum Degeneration. Plant Physiol. 170, 
1611–23. doi:10.1104/pp.15.01561.
Yoshida, S., Satake, T., and Mackill, D. S. (1981). High-temperature stress in rice. IRRI Res. Pap. Ser. SB206 
A32, 1–26.
Zanor, M. I., Osorio, S., Nunes-Nesi, A., Carrari, F., Lohse, M., Usadel, B., et al. (2009). RNA Interference of 
LIN5 in Tomato Confirms Its Role in Controlling Brix Content, Uncovers the Influence of Sugars on the 
Levels of Fruit Hormones, and Demonstrates the Importance of Sucrose Cleavage for Normal Fruit 
Development and Fertility. Plant Physiol. 150, 1204–1218. doi:10.1104/pp.109.136598.
Zinn, K. E., Tunc-Ozdemir, M., and Harper, J. F. (2010). Temperature stress and plant sexual reproduction: 
uncovering the weakest links. J. Exp. Bot. 61, 1959–1968. doi:10.1093/jxb/erq053.

Chapter 2
Exploring the natural variation for reproductive 
thermotolerance in wild tomato species 
Nicky Driedonks1, Mieke Wolters-Arts1, Heidrun Huber2, 
Gert-Jan de Boer3, Wim Vriezen4, Celestina Mariani1, Ivo Rieu1
1Department of Molecular Plant Physiology, Institute for Water and Wetland Research, 
Radboud University, 6525 AJ, Nijmegen, The Netherlands
2Department of Experimental Plant Ecology, Institute for Water and Wetland Research, 
Radboud University, 6525 AJ, Nijmegen, The Netherlands
3Enza Zaden Research and Development B.V., 1600 AA, Enkhuizen, The Netherlands











































Climate change has become a serious threat for crop productivity worldwide. The increased 
frequency of heat waves strongly affects reproductive success, and thus yield for many crop 
species, implying that breeding for thermotolerant cultivars is critical for food security. Insight 
into the genetic architecture of reproductive heat tolerance contributes to our fundamental 
understanding of the stress sensitivity of this process and at the same time may have applied 
value. In case of tomato (Solanum lycopersicum), germplasm screenings for thermotolerance have 
often used yield as the main measured trait. However, due to the complex nature of yield and 
relative narrow genetic variation present in the cultivated germplasm screened, there has been 
limited progress in understanding the genetic basis of reproductive heat tolerance. Extending the 
screening to wild accessions of related species, covering a range of climatic conditions, might 
be an effective approach to find novel, more tolerant genetic resources. The purpose of this 
study was to provide insight into the sensitivity to heat-wave like long-term mild heat (LTMH) of 
reproductive key traits individually (i.e. the number of pollen per flower, pollen viability and style 
protrusion) and determine to what extent genetic variation exists for these traits among wild 
tomato species. We found that these traits were highly variable among the screened accessions. 
Although no overall thermotolerant species was identified, several S. pimpinellifolium individuals 
outperformed the best performing cultivar in terms of pollen viability under LTMH. Furthermore, 
we reveal that there has been local adaptation of reproductive heat tolerance, as accessions from 













































Exploration of natural variation may offer insight in the genetics of stress tolerance and can provide 
genetic diversity useful for breeding (Grandillo et al., 2011). This also applies to reproductive heat 
tolerance, but so far screening of variation in heat sensitivity in tomato have yielded only a few 
genotypes considered to be thermotolerant (Opena et al., 1992) and limited applicability for 
pre-breeding (Grilli et al., 2007). There seem to be at least two major reasons for this. Firstly, 
in previous germplasm screenings fruit set was the main trait of interest. However, fruit set is a 
complex trait, i.e. it represents the sum of multiple sub-traits (yield components). Thus, there may 
be a relatively small chance that optimal sub-traits combine to generate a strongly outperforming 
genotype. Furthermore, the complexity of the relation among different traits involved in fruit set 
complicates genetic analysis. As an alternative approach, it might be more effective to analyse the 
various contributing sub-traits individually and combine them afterwards in a breeding context. 
For example, the decrease in fruit set in tomato under long-term mildly elevated temperatures 
has been shown to be correlated with a decrease in pollen viability (Dane et al., 1991; Firon et al., 
2006; Kinet and Peet, 1997; Levy et al., 1978; Peet et al., 1998; Pressman, 2002; Pressman et al., 
2006; Sato et al., 2000, 2006; Xu et al., 2017b). Also, style protrusion may affect reproductive 
success under high temperature (Charles and Harris, 1972; Dane et al., 1991; Rick and Dempsey, 
1969; Rudich et al., 1977; Saeed et al., 2007; Xu et al., 2017b). Investigation of these traits 
separately might provide a more effective strategy to determine the genetic basis of reproductive 
thermotolerance under long-term mild heat (LTMH). 
Secondly, germplasm used in thermotolerance screening so far mainly consisted of S. 
lycopersicum cultivars (Abdul-Baki and Stommel, 1995; Dane et al., 1991; Grilli et al., 2007; 
Kugblenu et al., 2013a; Opena et al., 1992). However, as a result of domestication and intensive 
breeding, the cultivated tomato germplasm has a rather narrow genetic base (Bergougnoux, 
2014), meaning that only a subset of the genes and alleles available in the wild progenitor gene 
pool are still present among crop cultivars (Godfray et al., 2010; Ladizinsky, 1985; Olsen and 
Wendel, 2013). Especially, as breeding efforts have mainly targeted yield at more or less optimal 
cultivation conditions, it seems likely that abiotic stress tolerance traits have been lost (Ladizinsky, 
1985; Paran and Van Der Knaap, 2007). This implies that the potential gain in heat tolerance 
level from cultivated germplasm is likely to be limited. A broader genetic diversity can be found in 
species related to tomato, which could thus serve as an alternative source of plant thermotolerance 
traits (Víquez-Zamora et al., 2013). Wild tomato species are found in a wide variety of habitats 
ranging from sea level to above 3000 m in altitude and from temperate deserts to wet tropical 
rainforests, and thus face a range of environmental challenges. As a result of natural selection, 
these wild species show a broad variation in terms of morphology, physiology, biochemistry and 
stress tolerance levels (Dolferus, 2014; Grandillo et al., 2011; Maduraimuthu and Prasad, 2014). 










































self-incompatible (SI), which is likely to affect reproductive traits and putatively their performance 
under LTMH (Arroyo, 1973; Baker, 1955; Cruden, 1977; Georgiady and Lord, 2002; Peralta et 
al., 2008).
Here, we hypothesised that higher levels of reproductive thermotolerance are present in wild 
relatives of tomato than in the cultivated tomato germplasm. We investigated the performance 
of 64 accessions of 13 wild species and 7 S. lycopersicum cultivars, including some known for 
relatively good reproductive thermotolerance, under control temperature and long-term mild 
heat. We focused on reproductive traits generally assumed to contribute to overall fertility, i.e. 
the number of pollen per flower, pollen viability and the distance between the top of the anther 
and the stigma (style protrusion). In addition, we tested whether the mating system influenced 
these traits under LTMH and determined whether there has been local adaption regarding 
thermotolerance.
Materials and methods
Plant material and screening procedure
Sixty-four accessions belonging to 13 wild species (S. arcanum, S. cheesmaniae, S. chilense, S. 
chmielewskii, S. corneliomulleri, S. galapagense, S. habrochaites, S. huaylasense, S. lycopersicum, 
S. neorickii, S. pennellii, S. peruvianum and S. pimpinellifolium) and 7 S. lycopersicum cultivars 
(“Hotset”, “Malintka101”, “Moneyberg”, “Nagcarlang”, “NCHS-1”, “Saladette” and “Tof 
Hamlet”) were obtained from various sources (Table S1). Seeds were incubated in 2.5% 
hypochlorite for 30 min at room temperature to improve germination and reduce pathogen 
load (Rick and Borgino, TGRC, http://tgrc.ucdavis.edu/seed_germ.aspx), before germination on 
potting soil (Horticoop, Lentse Potgrond, Slingerland Potgrond) covered with vermiculite (Agra-
Vermiculite) under standard greenhouse conditions. Seedlings were transferred to 0.5 L pots 
after two weeks and, after one month, placed in 12 L pots, containing potting soil and 4 g 
L-1 Osmocote® Exact Standard 3-4M (Everris). When the transition from the vegetative to the 
generative phase occurred, flower buds were removed and the plants were transferred to a 
climate chamber maintaining a 14/10 h day/night photoperiod (~300 µmol s-1 m-2 at plant height; 
Philips D-Papillon daylight spectrum 340W lamps and Philips MastergreenPower TLD58W/840 
fluorescent tubes) and humidity of 70-80% at either control temperature of 25/19°C (CT) or 
long-term mild heat of 32/26°C (LTMH) for at least 14 days. To determine the influence of the 
genotype on the studied traits, cuttings were cultivated similarly.
Phenotypic assessment 
In order to determine the pollen quality, anthers of the three most recently opened flowers were 
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Riano and Dafni, 2000) consisting of 1 vial peroxidase indicator (Sigma 3901-10VL) in 0.012% 
(v/v) H2O2 and 10% (v/v) Trizmal buffer (903C; Sigma-Aldrich, St Louis, MO, USA). Pollen were 
considered viable when roundly shaped and stained dark. In order to determine the pollen 
viability (PV, in %), 100 pollen were assessed per flower. To determine the number of pollen per 
flower (PN) the number of pollen was counted in 25 chambers (0.04 mm2) of a haemocytometer. 
In addition, style protrusion (SP in mm) was measured. For PN, PV and SP, three flowers were 
analysed per plant. 
Climate data
Climatic data sets for the earth land surface area were downloaded from CHELSA (Karger et 
al., 2017). Using the R package “raster” version 2.5-8 (Hijmans and van Etten, 2012), all 19 
bioclimatic variable data (BIO1 to BIO19) were extracted for the period 1979-2013 for each 
accession according to the GPS coordinates of the original collection site (Table S1). 
Statistical analysis
All statistical analyses were performed using transformed data, value’=10Log(value+1), except for 
PV, to which a logit transformation was applied, value’=LN((value+1)/(101-value)). The relation 
between traits was determined by a Pearson correlation analysis. To assess the heritability of the 
traits, a Pearson correlation analysis of the means of clones (cuttings) and their corresponding 
mother plant were performed using a paired sample correlation analysis. Broad-sense heritability 
was calculated for PN and PV by dividing the variance among clones by the total variance among 
and within clones. In order to test for the variation in heat tolerance among species a two-
way ANOVA was performed at species level (using mean values of accessions and temperature 
treatment). Differences in performance under LTMH between species (using mean values of 
accessions) were assessed by a one-way ANOVA followed by Tukey’s HSD as post-hoc test. At 
accession level (using mean values of plants), differences between accessions within species were 
assessed by a one-way ANOVA using Tukey’s HSD as post-hoc test. For PN and PV, the wild 
accessions were compared to the best tomato cultivar by a one-way ANOVA with LSD post-hoc 
test. To test whether the best performing genotypes from the best wild accession outperformed 
Nagcarlang, a one-way ANOVA with LSD post-hoc test was performed, using clones as replicates. 
In order to analyse the effect of temperature treatment and mating system, a two-way ANOVA 
with temperature treatment and mating system class variables was performed. The different 
geographical characteristics were correlated with the physiological plant traits under LTMH by 












































To assess reproductive performance under long-term mild heat (LTMH) in the wild tomato 
germplasm, 64 wild accessions belonging to 13 wild species and 7 S. lycopersicum cultivars 
were screened. Accessions were selected in such a way to roughly maximise spatial and elevation 
distribution of accessions of each species, and where possible, including accessions with 
annotations related to high temperature or other abiotic stresses (Table S1). None of the wild 
accessions screened in this study had previously been determined to be heat tolerant. In total, 
201 and 317 plants were exposed to control (CT) or LTMH conditions, respectively, and several 
reproductive traits, the number of pollen per flower (PN), pollen viability (PV) and style protrusion 
(SP), were analysed.
Trait heritability and inter-trait relations
To determine the influence of the genotype on the traits under study, from several individuals, 
cuttings were made and exposed to LTMH. Significant relations between mother plants and 
cuttings were detected for all traits (Figure 1). The division of the variance among clones by the 
total variance among and within clones of PN and PV measurements of the cuttings revealed a 
broad-sense heritability of 0.78 and 0.85, respectively (Table 1).
In order to evaluate relationships between the traits of interest, Pearson correlation analyses 
between the trait means per species were performed. In addition, to correct for putative species-
specific effects, a between-species Pearson correlation analysis was performed. In both cases, 
no significant correlations were detected (Table 2; data not shown). Also when considering all 
accessions as independent (n=71), no significant correlations were detected between any of the 
traits under CT and LTMH (data not shown). Together, this suggests that the three traits under 
study inherit largely independently in these species and accessions.
Figure 1: Correlations of traits between mother plant and cuttings under long-term mild heat. 
Mother plants of 4 accessions (from S. corneliomulleri, S. peruvianum, S. pimpinellifolium and S. pennellii) 
and two tomato cultivars (Moneyberg and Nagcarlang) were selected based on their difference in pollen 
viability under LTMH. Cuttings were generated and phenotyped under LTMH. (A) The number of pollen 
per flower (*1000), (B) pollen viability (%), and (C) style protrusion (mm). Values for mother plants and 
cuttings represent n=1 and n=2-15, respectively. The Pearson’s correlation coefficient is given in each graph 
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Broad-sense heritability 0.78 0.85
The values given for genotype and cutting represent the variance among and within cuttings, respectively. 
Error represents the unexplained variance. PN, number of pollen per flowers; PV, pollen viability.
Table 2: Pearson’s correlation coefficients among traits of species under long-term mild heat. 
Trait PN PV SP
PN 1
PV  0.08 1
SP  0.17 0.15 1
PN, pollen number per flower; PV, pollen viability; SP, style protrusion. None of the correlations (two-tailed) 
were significant.
Variation in the number of pollen per flower under LTMH
The temperature treatment and species both had a significant effect on the number of pollen 
per flower (PN) and no interaction was found (Table 3). Exposure to LTMH reduced PN by 76.3% 
on average. PN of S. corneliomulleri was significantly higher than of S. chmielewskii, which had 
the lowest PN under LTMH (Table S2). In case of S. chilense, S. chmielewskii, S. galapagense, S. 
huaylasense, S. pennellii, S. peruvianum and S. lycopersicum cultivars, significant differences in 
PN among accessions within the species were detected under LTMH (Table S3). However, none of 
the wild accessions performed better, i.e. had a significantly higher PN, than the best performing 
cultivar, NCHS-1 (Figure 2A; Table S3). 
Table 3: P-values of a two-way ANOVA testing for the effects of temperature treatment and species 
on key reproductive sub-traits. 
Trait Treatment Species Treatment * Species
PN <0.001 <0.001 0.060
PV <0.001 0.214 0.272
SP <0.001 <0.001 0.165










































Figure 2: Cultivars and the three best performing wild accessions with respect to pollen number per 
flower and pollen viability under long-term mild heat. 
(A) Pollen number per flower (PN), and (B) pollen viability (PV). Box of boxplot represent the interquartile 
range (IQR), with indication of the median. Lower and upper whisker represent the smallest and largest 
observations smaller than or equal to lower and upper hinge ± 1.5 * IQR, respectively. Each dot represents 
an individual plant. 
Variation in pollen viability under LTMH
In response to LTMH, PV was reduced by 85.6% on average, at species level. No significant 
difference was detected between any of the species screened here, nor was there a significant 
interactive effect between species and treatment (Table 3). Within S. corneliomulleri, S. neorickii, 
S. pimpinellifolium and the S. lycopersicum cultivars, significant differences were detected among 
accessions (Table S3). However, also for this trait, none of the wild accession performed better 
under LTMH, i.e. had a significant higher PV, than the best performing cultivar, Nagcarlang (Figure 
2B; Table S3). As wild accessions may exhibit genotypic diversity, we tested whether the best 
performing genotypes from the best wild accession (S. pimpinellifolium LA1630) outperformed 
Nagcarlang, using multiple clones per genotype. Indeed, four of the five tested genotypes had 
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Figure 3: Comparison between Nagcarlang and best performing genotypes of S. pimpinellifolium 
LA1630 concerning pollen viability under long-term mild heat. 
To compare genotypes, multiple cuttings per genotype were evaluated. Values represent the mean ± standard 
deviation (n=5-20 plants). Differences were assessed by a one-way ANOVA followed by LSD post-hoc test. 
Asterisks above the bars indicate a significant difference between the respective genotype and the cultivar 
Nagcarlang. Significance level: *, P<0.05; ***, P<0.001, n.s., not significant.
Variation in style protrusion under LTMH
SP was significantly increased by LTMH and is significantly different among species, but no 
interactive effect between temperature treatment and species was detected, indicating that the 
different species respond similarly to LTMH with respect to SP (Table 3 and Table S2). Within 
species, significant differences under LTMH were only observed in case of S. pimpinellifolium 
and the tomato cultivars (Table S3). None of the wild accession outperformed the cultivars under 
LTMH (i.e. had lower SP), as cultivar Saladette did not show any protrusion (Table S3). Many wild 
accessions had higher SP then the cultivars, already under control temperature.
Comparison between self-compatible and self-incompatible accessions
To test the effect of the mating system of an accession on reproductive traits, self-compatible (SC) 
and self-incompatible (SI) accessions were compared. SI accessions had significantly higher PN 
and SP than SC accessions under both temperature treatments (Figure 4). For none of the traits 










































Figure 4: Trait values in self-compatible and self-incompatible accession under control and long-
term mild heat.
(A) Number of pollen number per flower (PN), (B) pollen viability (PV), and (C) style protrusion (SP). SC, self-
compatible; SI, self-incompatible; CT, control temperature; LTMH, long-term mild heat. Values represent the 
mean ± standard deviation (n=33 and 37 for SI and SC accessions, respectively). Significance of treatment/
mating system/interaction was determined by a two-way ANOVA: ***, P<0.001; n.s., not significant.
Relation between trait performance and climatic parameters at site of origin
Due to the wide variation in geographical origin of the accessions, ranging from a latitude of 
-24.211 to 0.867, longitude of -91.417 to -43.083, and elevation from 0 up to 3450 meters 
above sea level (Figure 5), the habitats were diverse and varied from very dry to wet locations 
and from sandy coastal areas to high up in the mountains. To assess whether adaptation to local 
conditions has occurred, a Pearson correlation analysis between the phenotypic data and various 
geographical and climatic parameters was performed. A significant negative correlation was 
found between the accessions’ PV and the elevation at the site of origin (Table 5). A significant 
positive correlation was found with the annual mean temperature, and the same trend was visible 
for related temperature parameters (Table S4). Thus, accessions derived from lower elevations 
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Figure 5: Geographical origin of accessions screened. 
Elevation is in meters above sea level.
Table 5: Pearson’s correlation coefficients among geographical and physiological traits under long-
term mild heat. 
Trait EL TEMP PREC
PN 0.048 -0.080 -0.102 
PV -0.372 ** 0.279 * -0.102 
SP 0.103 -0.106 -0.281 *
PN, number of pollen per flower; PV, pollen viability; SP, style protrusion; EL, elevation; TEMP, mean annual 
temperature in period 1979-2013; PREC, mean annual precipitation in period 1979-2013. n=59-69 
accessions. Significance level (two-tailed): *, P<0.05; **, P<0.01. Additional correlations with bioclimatic 











































Reasons for the reduction in tomato yield under long-term mild heat (LTMH) may be ascribed to 
the plant’s vulnerability during reproductive development, resulting in a lower number of pollen 
per flower (PN) and pollen viability (PV) (Dane et al., 1991; Firon et al., 2006; Kinet and Peet, 
1997; Levy et al., 1978; Peet et al., 1998; Pressman, 2002; Pressman et al., 2006; Sato et al., 
2000, 2006; Xu et al., 2017b). In this study, we analysed the natural variation of reproductive 
thermotolerance in wild tomato species, which may serve as gene sources for cultivated tomato. 
Wild genotypes with superior heat tolerance regarding pollen viability
Yield screenings of cultivated S. lycopersicum under high temperatures have shown phenotypic 
variation, but only a few cultivars, including Nagcarlang, Hotset and Saladette seem to perform 
relatively well under such conditions (Abdul-Baki and Stommel, 1995; Dane et al., 1991; Kugblenu 
et al., 2013b; Levy et al., 1978; Rudich et al., 1977; Villareal et al., 1978; Xu et al., 2017b). 
Indeed, the Asian Vegetable Research and Development Center (AVRDC; now World Vegetable 
Center) concluded from screenings of >4000 wild and cultivated accessions under hot conditions 
that less than 1% could be considered highly heat tolerant for fruit set (Opena et al., 1992; 
Villareal et al., 1978). Fruit set under high temperature has been reported to have low narrow- 
heritability (El Ahmadi and Stevens, 1979; Hanson et al., 2002; Villareal et al., 1978). However, it 
is a complex trait, and higher heritability may be found if separating the underlying individual key 
traits affecting fruit set. Indeed, we have recently reported two major QTLs for PN and PV in an S. 
lycopersicum mapping population (Xu et al., 2017a). In the current study, screening of clones of 
individuals for PN and PV under LTMH in climate chambers indicated that a large fraction of the 
total phenotypic variance was explained by the genetic variance. Whether these sub-traits also 
express in other genetic backgrounds and environmental conditions, such as field conditions, 
remains to be determined. 
Our study did not detect overall thermotolerance of yield contributing sub-traits in wild 
species compared to the performance of cultivars, but we show that several genotypes from the 
accession LA1630 outperform the best performing cultivar in terms of PV under LTMH. Thus, 
we conclude that wild germplasm might indeed be a valuable resource to enrich domesticated 
germplasm with reproductive thermotolerance.
Mating system advantages under LTMH 
In the tomato clade, the mating system ranges between self-incompatible (SI) to self-compatible 
(SC) crossers (Miller and Tanksley, 1990; Rick et al., 1977). In general, flowers of SI plant species 
produce more pollen than closely related SC species, probably because a much smaller fraction of 
the pollen will reach a compatible stigma in the SI situation (Arroyo, 1973; Baker, 1955; Cruden, 
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compared to SC accessions. Importantly, no interaction with temperature treatment was found. 
Thus, SI accessions seem to be a good source for a high PN under LTMH and could be interesting 
for thermotolerance breeding purposes. In contrast to PN, PV was not significantly different 
between the mating types in either temperature treatment.
Several studies indicated that protrusion of the style from the antheridial cone of >1 mm 
prevents fruit set from self-fertilisation (Dane et al., 1991; Rudich et al., 1977; Saeed et al., 2007). 
As reported before (Grandillo et al., 2011; Peralta et al., 2008), SP was less in SC accessions 
and almost absent in some cultivars, probably due to strong trait selection. SP was enhanced 
under high temperature and although SC accession still showed less protrusion of the style in 
LTMH, in many accessions the distance between anther and style was likely too large to allow 
self-pollination. The tomato cultivars seemed to perform relatively well already, suggesting wild 
relatives are less useful for improving this trait.
By enhancing SP under high temperature, SC plants seem to mimic the constitutive SI 
phenotype. Stimulating cross-pollination under LTMH via increased SP, and lower PN and PV, 
might increase the chance that SC individuals are fertilised by another plant. This fits with the 
idea that genetic recombination may be beneficial under stress conditions, allowing the creation 
of more adapted genotypes (Hedhly et al., 2004; Müller and Rieu, 2016).
Local adaptation
Wild tomatoes occur over a wide range of ecological and climatic conditions, but individual species 
and accessions are often adapted to particular microclimates (Bauchet and Causse, 2012; Zuriaga 
et al., 2009). The diversity is expressed at the morphological, physiological, sexual and molecular 
levels (Bauchet and Causse, 2012; Peralta and Spooner, 2005). We explored whether the variation 
in environment at the sites of origin of accessions has resulted in variation in thermotolerance and 
found that the mean PV of accessions correlated negatively with elevation. In line with our results, 
chilling tolerance in tomato has also been shown to correlate with elevation: for geographical 
populations of L. hirsutum (S. habrochaites), chilling tolerance, including traits such as seedling 
survival rate and pollen tube growth, was greatest in those derived from the higher elevations 
(Patterson et al., 1978; Zamir et al., 1981). It seems likely that elevation effects are mainly due 
to local temperature profiles. Indeed, we found that temperature variables such as mean annual 
temperature correlated positively to PV under LTMH. Similarly, seedling survival and root growth 
at high temperature of natural populations of Arabidopsis thaliana correlated to temperature 
parameters at the site of origin (Zhang et al., 2015). In rice, the presence of a major quantitative 
trait locus (QTL) for thermotolerance, TT1, has also been linked to the local temperature profile 
(Li et al., 2015). Such local adaptation may also be seen at the molecular level, as the heat stress 
response of Arabidopsis and Chenopodium album accessions, as measured by induction of heat 
shock proteins, was more strongly induced in accessions originating from cooler than in those 











































We conclude that PN and PV are variable among wild and cultivated tomato accessions and 
that this variation is adaptive to the local environment in case of PV. The absence of overall 
thermotolerant accession regarding PV suggests that the selective pressure is not very strong 
or that there is a trade-off with an unknown, beneficial trait. Although the best performing 
wild accessions were equally thermotolerant as the best performing cultivars in terms of PN and 
PV, the genetic background of these traits in the wild accessions may be novel and could thus 
be valuable for thermotolerance breeding of tomato, especially if the traits show additivity. In 
case of PV, several outperforming individuals were identified. Interspecific QTL analysis with S. 
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Table S1: Origin of wild tomato accessions and cultivars. 
Taxon Solanum Accession Source Latitude Longitude Elevation
S. lycopersicum, cultivated LA3320 (Hotset) TGRC
S. lycopersicum, cultivated LA3120 (Malintka 101) TGRC
S. lycopersicum, cultivated NA (Moneyberg) ENZA
S. lycopersicum, cultivated LA2661 (Nagcarlang) TGRC
S. lycopersicum, cultivated LA3847 (NCHS-1) TGRC
S. lycopersicum, cultivated LA2662 (Saladette) TGRC
S. lycopersicum, cultivated NA (Tof Hamlet) BAYER
S. arcanum LA1360 TGRC -9.550 -77.892 1490
S. arcanum LA2153 TGRC -7.320 -78.420 2800
S. arcanum LA2150 TGRC -7.220 -78.930 850
S. arcanum LA2157 TGRC -6.506 -78.800 1600
S. cheesmaniae LA0437 TGRC -0.953 -90.978 40
S. cheesmaniae LA0421 TGRC -0.898 -89.609 50
S. cheesmaniae LA0932 TGRC -0.273 -91.366 4
S. cheesmaniae LA1139 TGRC -0.933 -91.417 1500
S. chilense LA2880 TGRC -23.783 -68.250 2500
S. chilense LA2749 TGRC -22.067 -70.117 400
S. chilense LA2748 TGRC -21.200 -69.500 800
S. chilense LA2931 TGRC -20.917 -69.067 2275
S. chilense LA2747 TGRC -18.500 -69.833 800
S. chilense LA1972 TGRC -17.950 -70.467 650
S. chilense LA1971 TGRC -17.583 -70.017 3150
S. chilense LA1969 TGRC -17.533 -70.033 3250
S. chilense LA1958 TGRC -17.250 -71.250 1250
S. chilense LA1932 TGRC -15.283 -74.617 1100
S. chmielewskii LA3643 TGRC -13.850 -71.817 3100
S. chmielewskii LA1327 TGRC -13.733 -72.933 1980
S. chmielewskii LA3658 TGRC -13.483 -73.561 2500
S. chmielewskii LA1028 TGRC -13.883 -73.017 3000
S. corneliomulleri LA1973 TGRC -16.233 -71.700 2560
S. corneliomulleri LA3666 TGRC -14.450 -75.475 500
S. corneliomulleri LA1292 TGRC -11.759 -76.301 2700
S. corneliomulleri LA1552 TGRC -11.750 -76.300 3000
S. corneliomulleri LA0103 TGRC -10.500 -77.100 100
S. galapagense LA0748 TGRC -0.370 -90.584 3
S. galapagense LA0317 TGRC -0.283 -90.550 15
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S. habrochaites LA1363 TGRC -10.142 -77.383 3080
S. habrochaites LA1392 TGRC -9.558 -77.700 3120
S. habrochaites LA1777 TGRC -9.550 -77.590 3150
S. habrochaites LA1223 TGRC -2.200 -78.833 2200
S. huaylasense LA1365 TGRC -10.142 -77.392 2450
S. huaylasense LA1358 TGRC -9.517 -78.000 750
S. huaylasense LA1982 TGRC -8.810 -77.890 1400
S. huaylasense LA1983 TGRC -8.690 -77.970 940
S. lycopersicoides LA2408 TGRC -18.183 -69.567 3450
S. lycopersicoides LA4018 TGRC -17.333 -70.250 2715
S. lycopersicoides LA1964 TGRC -17.755 -69.908 3250
S. lycopersicum LA1310 TGRC -12.667 -73.733 650
S. lycopersicum LA1421 TGRC 0.085 -76.993 500
S. lycopersicum LA2640 TGRC -13.642 -72.908 2400
S. lycopersicum LA2710 TGRC -20.667 -43.083 590
S. lycopersicum LA3652 TGRC -13.767 -72.867 2350
S. neorickii LA2201 TGRC -6.217 -77.700 1900
S. neorickii LA2190 TGRC -5.925 -78.067 920
S. neorickii LA2133 TGRC -3.350 -79.180 2000
S. pennellii LA0716 TGRC -16.225 -73.617 50
S. pennellii LA1940 TGRC -15.975 -73.617 720
S. pennellii LA1649 TGRC -14.642 -74.992 580
S. pennellii LA1926 TGRC -14.583 -74.975 1200
S. pennellii LA1674 TGRC -13.183 -76.133 500
S. pennellii LA1809 TGRC -5.117 -81.150 10
S. peruvianum LA4125 TGRC -19.306 -69.421 2510
S. peruvianum LA2581 TGRC -18.800 -70.183 300
S. peruvianum LA2744 TGRC -18.550 -70.150 400
S. peruvianum LA0462 TGRC -18.517 -70.183 300
S. peruvianum LA1977 TGRC -12.117 -76.450 1950
S. peruvianum LA1278 TGRC -11.642 -76.958 800
S. pimpinellifolium LA1670 TGRC -17.833 -70.517 450
S. pimpinellifolium LA1630 TGRC -13.500 -76.183 0
S. pimpinellifolium LA1645 TGRC -12.267 -75.833 3000
S. pimpinellifolium LA1629 TGRC -12.117 -77.033 0
S. pimpinellifolium LA0114 TGRC -7.400 -79.567 30
S. pimpinellifolium LA1579 TGRC -6.590 -79.870 NA
S. pimpinellifolium LA1237 TGRC 0.867 -79.850 5
S. pimpinellifolium LA1547 TGRC 0.583 -77.933 3000
Latitude and longitude are in decimals and elevation in meters above sea level. TGRC, Tomato Genetic 
Resource Centre (TGRC, http://tgrc.ucdavis.edu/); ENZA, Enza Zaden Research and Development B.V.; BAYER, 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table S4: Pearson’s correlation coefficients among bioclimatic variables and physiological traits 
under long-term mild heat. 
Bioclimatic variable    PN    PV    SP
mean diurnal range (mean of monthly (max temp - min temp)) 0.094 -0.092 0.305 *
isothermality (mean diurnal range/temperature annual range) (*100) 0.245 * 0.048 0.284 *
temperature seasonality (standard deviation*100) -0.231 # -0.082 0.072 
max temperature of warmest month -0.088 0.259 * -0.004 
min temperature of coldest month -0.065 0.251 # -0.193 
temperature annual range 0.017 -0.131 0.280 *
mean temperature of wettest quarter -0.102 0.263 * -0.070 
mean temperature of driest quarter -0.057 0.256 * -0.110 
mean temperature of warmest quarter -0.104 0.255 # -0.097 
mean temperature of coldest quarter -0.041 0.293 * -0.122 
precipitation of wettest month -0.079 -0.122 -0.349 **
precipitation of driest month -0.125 -0.051 -0.155 
precipitation seasonality (coefficient of variation) -0.009 0.037 0.320 *
precipitation of wettest quarter -0.083 -0.123 -0.330 *
precipitation of driest quarter -0.127 -0.053 -0.166 
precipitation of warmest quarter -0.159 -0.029 -0.274 *
precipitation of coldest quarter -0.084 -0.095 -0.138 
Additional bioclimatic variables obtained from CHELSA (Karger et al., 2017). PN, number of pollen per 
flower; PV, pollen viability; SP, style protrusion. n=59-69 accessions. Significance level (two-tailed): #, P<0.1; 
*, P<0.05; **, P<0.01. 
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Long-term mild heat (LTMH) has a detrimental effect on sexual reproduction. However, large 
natural variation for reproductive thermotolerance can be found in cultivated tomato and wild 
species. The aim of this study was to understand the genetic architecture behind reproductive 
thermotolerance and identify superior wild alleles that are lacking in cultivated germplasm. Using 
contrasting parents, a tolerant genotype, from S. pimpinellifolium, and two sensitive genotypes, 
from S. pimpinellifolium and S. lycopersicum, two bi-parental F2 mapping populations were 
generated and analysed under LTMH regarding the number of pollen, pollen viability (PV), anther 
and style length, and style protrusion. Multiple quantitative trait loci (QTLs) were identified for 
most traits, some of which partly overlapped, mirroring phenotypic correlations. Although the 
same donor parent was used in both populations, none of the QTLs co-localised between the 
populations, suggesting epistatic interactions or a lack of segregation of QTL alleles in one of 
the two populations. As PV is a highly important trait for fruit and seed set, we tried to verify 
the respective QTLs in F3 and near isogenic lines (NILs). qPV1, a positive QTL explaining 15.3% of 
the phenotypic variance, could only be confirmed in F3 plants. In contrast, qPV4, a negative QTL 
explaining 16.7% of the phenotypic variance, was verified in the NILs only. This further suggests 
an influence of the genetic or environmental context in which the trait is studied. The beneficial 












































Plants are continuously exposed to biotic and abiotic stresses. Coping with these stresses is 
important for plant survival and requires many morphological, physiological, biochemical and 
molecular changes. This is why tolerance towards abiotic stresses often has a quantitative nature. 
Knowledge about the number, effect and identities of the specific genetic loci associated with 
traits for abiotic stress tolerance, i.e. quantitative trait loci (QTL), can lead to new biological 
insights and applications in plant breeding. 
Within the cultivated tomato, Solanum lycopersicum, a wide variation for reproductive 
thermotolerance has been reported in germplasm screenings (Abdul-Baki, 1991; Abdul-Baki and 
Stommel, 1995; Dane et al., 1991; Grilli et al., 2007; Kugblenu et al., 2013; Opena et al., 1992; 
Xu et al., 2017b). Some of the relatively tolerant lines have subsequently been incorporated in 
breeding programs (Opena et al., 1992; Scott et al., 1995). In spite of considerable research 
in the last several years, the genetic basis of reproductive thermotolerance in tomato is still 
largely unknown. QTL studies for plant thermotolerance have been performed using tomato 
yield characteristics as traits of interest, but no clearly associated markers were identified (Grilli 
et al., 2007; Lin et al., 2010). Instead of looking at reproductive success, i.e. fruit or seed set 
under high temperature, it might be more effective to look at reproductive sub-traits, such as 
male and female fertility, because they should have a more simple genetic make-up and thus be 
easier to dissect. Only recently, the first, strong QTL for tolerance of pollen to long-term mild heat 
conditions (LTMH) was reported in tomato (Xu et al., 2017a). 
However, as a result of domestication and intensive breeding, cultivated tomato germplasm 
has a rather narrow genetic base, which may have led to a loss of abiotic stress tolerance 
(Bergougnoux, 2014). This implies that the potential gain in heat tolerance that can be obtained 
by crossing among cultivated material is limited (Ladizinsky, 1985; Paran and Van Der Knaap, 
2007). The identification of superior alleles from more primitive (landrace) or even wild germplasm 
for use in tomato breeding has become of great interest (Feuillet et al., 2008; Grandillo et al., 
2007; Lippman et al., 2007; Tanksley and McCouch, 1997). Because most studies have focused 
on S. lycopersicum, the potential and genetic architecture of thermotolerance of this material 
is still unknown. Solanum pimpinellifolium is the most closely related wild relative of cultivated 
tomato, shows only 0.6% nucleotide divergence, is self-compatible, and easy to hybridise with 
tomato (Tomato Genome Consortium, 2012), making it a prime target in the search for superior 
alleles (Foolad, 2007; Rick et al., 1978). Indeed, several S. pimpinellifolium genotypes performed 
relatively well under LTMH and some even outperformed the best performing cultivar (Chapter 
2, see also Paupière et al., 2017). This study aims to explore the genetic architecture underlying 
reproductive thermotolerance under LTMH in S. pimpinellifolium. The complexity of fruit and seed 
set as a trait was avoided by focusing on sub-traits, including the number of pollen per flower, 










































QTLs were detected for each trait in both an interspecific and intraspecific F2 mapping population. 
PV related QTLs from the latter population were verified in F3 plants or near isogenic lines. 
 
Materials and methods
Plant material and cultivation 
Two mapping populations were created by inter-crossing a heat tolerant S. pimpinellifolium 
plant (LA1630, individual SHT120/507) with either a heat susceptible S. lycopersicum cultivar 
Moneyberg (MB) or a heat susceptible S. pimpinellifolium plant (LA1670, SHT069/594). The 
interspecific F2 population, referred to as MB x LA1630, derived from 20 F1 plants and consisted 
of 218 individuals. The intraspecific F2 population, referred to as LA1670 x LA1630, derived from 
one F1 plant and consisted of 180 individuals. 
Plants were cultivated as described in Chapter 2. When the transition from the vegetative to 
the reproductive phase occurred, flower buds were removed and the plants were transferred to a 
climate chamber with a 14/10 h day/night photoperiod (~300 µmol s-1 m-2 at plant height; Philips 
D-Papillon daylight spectrum 340W lamps), humidity of 70-80%, and temperature of 32/26°C 
or 33/27°C (day/night) for the MB x LA1630 and LA1670 x LA1630 population, respectively. 
Cuttings were cultivated similarly. Plants were arranged in batches (~12 plants per batch) and 
three climate chambers were used during phenotyping simultaneously. 
Phenotypic assessment
After at least 14 days of cultivation at mildly high temperature, ten flowers per plant were 
analysed over a period of one week. 
Pollen viability (PV, in %) and the number of pollen per flower were determined using one of 
two methods. First, anthers of freshly opened flowers were cut into 4 equal transverse sections 
and pollen were released by vortexing, into staining buffer consisting of 1 vial peroxidase indicator 
(Sigma 3901-10VL) in 0.012% (v/v) H2O2 and 10% (v/v) Trizmal buffer (903C; Sigma-Aldrich, 
St Louis, MO, USA) (Rodriguez-Riano and Dafni, 2000). 100 pollen were assessed per flower 
and were considered viable when roundly shaped and stained dark. The number of pollen was 
counted in 25 squares (0.1 µL) of a haemocytometer and converted to the number of pollen per 
flower (PN) based on the total suspension volume. A second method was used to phenotype the 
intraspecific mapping population, and was based on impedance flow cytometry (AMPHA Z30, 
hereafter referred to as “Amphasys”; Amphasys AG, Lucerne, Switzerland; Heidmann et al., 2016). 
Anthers were cut into 4 transversal sections and vortexed to release the pollen. After adding 1 mL 
AmphaFluid4 (AF4) and filtering (50 µm filter), 500 µL solution was measured at 12 MHz using 
the following settings: Level=0.04, Modulation=4, Amplification=6, Demodulation=2, Pump=60 
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compared to each other and to in-vitro pollen germination. To assess the pollen germination rate, 
mature pollen were hydrated for 30 minutes and incubated for 1.5 hours in 0.5 mL germination 
medium (25% (w/v) PEG4000, 5% (w/v) sucrose, 1 mM KNO3, 1 mM Ca(NO3)2•4H2O, 1.6 mM 
H3BO3, 0.8 mM MgSO4•7H2O). About 100 pollen were evaluated; pollen with pollen tubes longer 
than the pollen diameter were regarded as germinated. A high correlation between the methods 
confirmed that they discriminated between viable and non-viable pollen (Figure S1).
In addition, of all flowers, style protrusion (SP) was measured as the difference between the 
style length (SL) and anther length (AL).
Plant genotyping
Among the recurrent and donor parents, homozygous single nucleotide polymorphisms (SNPs) 
were selected using the SolCAP SNP array (http://solcap.msu.edu/). In order to have an equal 
marker distribution along the genome, the genetic distance between the SNPs was estimated 
by comparing the physical and genetic positioning of markers in several tomato-specific genetic 
maps including the Kasuza linkage map of Solanum lycopersicum Kasuza (Shirasawa et al., 
2010) and EXPEN2000, EXPEN2012 and EXPIM 2012 of wild tomato species S. pennellii and S. 
pimpinellifolium (Sim et al., 2012), respectively. For the interspecific and intraspecific populations, 
125 and 96 SNPs were selected, respectively. For the interspecific population, additional SNPs 
were selected after initial QTL analysis to cover the region of interest (Table S2), resulting in a total 
of 164 markers. KASPTM assays, developed by LGC, Teddington, UK (Table S2 and Table S3) were 
run according to the manufacturer’s protocol on a Fluidigm EP1 system (Fluidigm Corporation, 
San Francisco, CA). 
QTL analysis
QTL analysis was performed using the R package R-qtl version 1.39-5 (Broman et al., 2003, in 
R version 3.2.5). Four low quality markers were discarded for the LA1670 x LA1630 population 
and seven and three markers showing distortion from the Mendelian segregation (P-value <1e-4 
in a chi-square test) were discarded for the MB x LA1630 and LA1670 x LA1630 populations, 
respectively. Genetic maps consisting 157 and 89 markers for MB x LA1630 and LA1670 
x LA1630, respectively, were constructed by est.map using the Kosambi’s function of R-qtl 
(Kosambi, 1944). Phenotypic traits were analysed by composite interval mapping (CIM) using the 
maximum likelihood via the expectation-maximisation algorithm (Dempster et al., 1977). Using 
1 cM steps, CIM was calculated by cim using default settings. By forward selection, 3 markers 
were selected as cofactors. Genome-wide significance thresholds were generated for each trait 
by determining LOD values at alpha of 0.05 from 1000 permutations (Churchill and Doerge, 
1994). Additive and dominance effects were estimated from linear regression via the effectscan 
function. The additive effect was estimated as half the difference between the phenotypic means 










































phenotypic mean for the heterozygotes and the additive effect. The percent phenotypic variance 
explained by a QTL was estimated via the following formula; h2=1-10 − (2/n) LOD, where “n” is the 
sample size and “LOD” the LOD score of a single-QTL model using single interval mapping (SIM). 
Here, the whole genome was scanned at steps of 1 cM by the scanone function. Batch number 
was added as covariate in both analyses, whereas family number was only applied as covariate 
in the interspecific mapping population. The 95% Bayes credible interval was assessed using the 
bayesint function, using the LOD score of SIM. 
Generation of F3 and NIL plants
Two independent F3 populations (SHT308 and SHT314) were obtained by selfing two F2 
plants of the interspecific MB x LA1630 mapping population. F3 seedlings were genotyped on 
chromosome 1 and chromosome 4 with the solcap_snp_sl_8704, mTO67168_ks, mTO65014_ks 
and mTO59905_ks KASPTM assays (Table S2). 
For the same population, two independent near isogenic lines (NILs) were created by 
backcrossing two F2 plants, heterozygous for the region of interest, with the recurrent parent. F2BCx 
seedlings were genotyped using 101 markers (Table S2). Individuals with the highest proportion 
of genetic background of the recurrent parent and segregating for the introgression of interest, 
were selected for backcrossing. In order to obtain a NIL, homozygous for the introgression of 
interest, F2BC3 plants were selfed. NIL plants were genotyped using KASP
TM assays (Table S2). 
Statistical analysis
Statistical differences between plants were assessed by a one-way ANOVA or Student’s t-test, 
as appropriate, using log10 transformed data, except for PV, to which a logit transformation was 
applied, value’=LN((value+1)/(101-value)). Pearson correlation analyses were performed between 
the phenotypes of F2 clones and between the different methods to assess pollen quality.
Results
We have previously shown that pollen tolerance to long-term mild heat (LTMH) of S. 
pimpinellifolium LA1630, SHT120/507 was significantly higher than that of the best performing 
cultivar (Chapter 2). To study the genetic architecture of reproductive thermotolerance, this plant 
was hybridised with S. lycopersicum Moneyberg (MB), a thermosensitive cultivar with a relative 
low PN and PV under LTMH and the sensitive S. pimpinellifolium LA1670 SHT069/594 (Table S1), 
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Phenotypic segregation under LTMH
The number of pollen per flower (PN), pollen viability (PV), style length (SL), anther length (AL) 
and style protrusion (SP) segregated over wide continuous ranges in both the interspecific MB 
x LA1630 and intraspecific LA1670 x LA1630 populations, indicating quantitative inheritance 
(Table 1, Figure 1 and Figure 2). In case of the interspecific population, clones (cuttings) of 75 
individuals were also phenotyped. The positive correlations between trait values of mother plants 
and cuttings, with R2 values between 0.30 and 0.65, indicated a significant effect of the genotype 
on the phenotypes (Figure 3), which is essential for QTL analysis.
To assess associations among traits in the two F2 mapping populations, Pearson correlation 
analyses were performed between trait means. Significant positive correlations were detected 
in both populations between SL and AL and SP and SL, and less strong, negative correlations 
between SP and PN (Table 2 and Table 3). A number of other correlations were only found in only 
one population or were in opposite directions, suggesting that most relations found among the 
traits are not based on a generally valid physiological relation.
Table 1: Phenotypes of the F2 populations of MB x LA1630 and LA1670 x LA1630 under long-term 
mild heat conditions. 
Population Trait n Mean SD Min Max
MB x LA1630 PN (*1000, haemocytometer) 217 30.02 15.75 1.50 92.85
PV (%, peroxidase indicator) 214 41.26 19.90 0.67 86.62
SL (mm) 216 7.95 1.16 5.03 13.16
AL (mm) 217 6.25 0.68 4.64 8.27
SP (mm) 218 1.60 0.95 -0.10 7.26
LA1670 x LA1630 PN (*1000, Amphasys) 178 6.87 4.31 1.00 20.46
PV (%, Amphasys) 178 30.58 18.38 0.00 72.10
SL (mm) 177 7.37 0.54 6.04 8.64
AL (mm) 177 5.41 0.32 4.59 6.31
SP (mm) 177 1.96 0.50 0.88 3.22











































Figure 1: Phenotype distribution analysis in MB x LA1630 F2 population. 
(A) Relative number of pollen per flower, PN (haemocytometer); (B) pollen viability, PV (peroxidase staining); 
(C) style length, SL; (D) anther length, AL; (E) style protrusion, SP. n=218.
Figure 2: Phenotype distribution analysis in LA1670 x LA1630 F2 population. 
(A) Relative number of pollen per flower, PN (Amphasys); (B) pollen viability, PV (Amphasys); (C) style length, 
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3Figure 3: Repeatability of traits in MB x LA1630 F2 population.
Correlations of traits between mother plant and cuttings under long-term mild heat. The Pearson’s correlation 
coefficient is given in each graph (r). (A) Relative number of pollen per flower, PN (haemocytometer); (B) 
pollen viability, PV (peroxidase staining); (C) style length SL; (D) anther length, AL; (E) style protrusion, SP. 
Values for mother plants and cuttings represent n=75. Significance level (two-tailed): ***, P<0.001.
Table 2: Pearson’s correlation coefficients among traits of MB x LA1630 F2 population. 
Trait PN PV SL AL SP
PN 1
PV 0.44*** 1
SL 0.03 -0.18** 1
AL 0.37*** 0.05 0.55*** 1
SP -0.21** -0.21** 0.76*** -0.08 1
PN, number of pollen per flower; PV, pollen viability; SL, style length; AL, anther length; SP, style protrusion. 
Significance levels (two-tailed): **, P<0.01; ***, P<0.001. n=220.
Table 3: Pearson’s correlation coefficients among traits of LA1670 x LA1630 F2 population. 
Trait PN PV SL AL SP
PN 1
PV -0.26*** 1
SL -0.08 0.39*** 1
AL 0.08 0.44*** 0.41*** 1
SP -0.17* 0.14 0.81*** -0.14 1
PN, number of pollen per flower; PV, pollen viability; SL, style length; AL, anther length; SP, style protrusion. 










































Interspecific QTL analysis and verification in F3 and NIL plants
The relation between genotypic and phenotypic characteristics of the MB x LA1630 population 
was analysed by composite interval mapping (CIM), revealing QTLs for all investigated traits, i.e. 
PN, PV, SL, AL and SP (Table 4 and Table 5). 
Two significant QTLs were detected for PN, on chromosome 2 and 7 (qPN2 and qPN7). The 
QTLs had an additive and dominant effect and explained 9.1% and 8.9% of the phenotypic 
variance, respectively (Table 4). In both cases, the positive alleles derived from MB.
QTLs for PV were detected on chromosome 1, 3 and 4 (qPV1, qPV3 and qPV4), and they 
explained 15.3, 6.3 and 16.7% of the phenotypic variance, respectively (Table 4). qPV1 showed 
over-dominance with an additive effect of 8.35% and dominant effect of 10.40%, and the 
allele leading to a higher PV derived from the tolerant S. pimpinellifolium parent (Figure 4A). In 
contrast, the allele that conferred a higher PV derived from the sensitive parent in case of qPV3 
and qPV4, which had an evident additive effect of -6.80 and -9.86, respectively (Figure 4B and 
4C).
Multiple QTLs were also detected for SL, AL, and SP (Table 4), some of which partly 
overlapped. For example, qSL12 co-localised with qSP12. Similarly, qPV4 and qSP4, and qPV1 
and qSL1 showed overlap of the estimated QTL intervals. Co-localisation was also seen between 
qSL7 and qAL7, and qPN2 and qPN7 co-localised with qAL2 and qAL7, respectively. Interestingly, 
all these co-localisations perfectly mirrored the correlations found between the phenotypic traits 
themselves, confirming they have a genetic basis. Only the correlation between PN and PV did 
not seem to have an obvious genetic basis.
To verify the two strongest QTLs for PV detected in the interspecific population, F3 and NIL 
populations were made. qPV1 had a significant effect in only one of the two F3 populations that 
segregated for this locus (Figure 5) and no effect was observed in the NIL (Figure 6A). qPV4 did 
not have an effect in a segregating F3 population (Figure 5B), but similar to what was seen in the 
F2 population, the MB allele of qPV4 lead to a significantly higher PV in the NIL (Figure 6B). Taken 
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Figure 4: Segregation of pollen viability of interspecific F2 individuals according to genotype at 
specific markers. 
(A) qPV1 at marker mTO68152_ks, (B) qPV3 at solcap_snp_sl_63356, and (C) qPV4 at solcap_snp_sl_47298 
on chromosome 1, 3 and 4, respectively. Alleles: A=LA1630, B=MB. Horizontal bars represent the mean ± 
standard error. 
Figure 5: QTL validation in two F3 progenies deriving from the interspecific population. 
Pollen viability (PV) in F3 progeny for (A) qPV1 (SHT308) and (B) qPV1 and qPV4 (SHT314). Values represent 
the mean ± standard deviation (n=26 in SHT308 and n=10 in SHT314). Alleles: A=LA1630, B=MB. Statistical 











































Figure 6: QTL validation in two NIL progenies deriving from the interspecific population. 
Pollen viability (PV) in NIL progenies segregating for (A) qPV1 and (B) qPV4. Values represent the mean ± 
standard deviation (n=5-7 for qPV1 and n=31-45 for qPV4). Alleles: A=LA1630, B=MB. Statistical differences 
were assessed by a Student’s t-test. Significance level (two-tailed): ***, P<0.001.
QTL analysis for yield sub-traits in S. pimpinellifolium
In the intraspecific S. pimpinellifolium LA1670 x LA1630 population, four additive QTLs for PV 
(qPV1.2, qPV2, qPV4.2 and qPV8) were mapped to chromosomes 1, 2, 4 and 8, and explained 
8.9 to 16.2% of the phenotypic variance (Table 5). In contrast to qPV1.2 and qPV8, the alleles 
of qPV2 and qPV4.2 that contributed to a higher PV derived from the sensitive parent. A few 
co-localisations between the QTLs for the different traits were found. The strongest QTLs for 
SL (qSL11) and SP (qSP11) were both in the same region of chromosome 11, while qPV8 co-
localised with qSL8 and qPV2 with qSL2 and qAL2. As observed in the interspecific population, 
these relations were reflected in correlations between the phenotypes themselves (Table 3). The 
negative correlation between PN and PV was not found at genetic level.
Comparing the two populations, most QTLs showed to be unique. qPV1.2 and qPV4.2 had 
a counterpart on the same chromosome in the intraspecific population, but in both cases, these 
mapped to a very different region (Tables 4 and 5). The only exceptions were the QTLs for anther 
length on chromosome 2 (qAL2 and qAL2.2), of which the one in the intraspecific population 
was relatively strong (high LOD score; Table 5). The positive alleles of these QTLs derived from the 













































Polygenic character of PV
To date, only a few QTLs for pollen viability (PV) under long-term mild heat (LTMH) conditions 
have been mapped. In rice, two pollen fertility QTLs have a relatively small effect, explaining 
9.3% and 15.1% of the phenotypic variance (Xiao et al., 2011). In tomato, a major QTL on 
chromosome 11 explained 36.3% of the phenotypic variance of PV, which was close to the 
total genetic contribution to the phenotype. This QTL was mapped in an F2 population derived 
from two contrasting cultivars, tolerant “Nagcarlang” and sensitive “NCHS-1”, and verified in 
an F3 population (Xu et al., 2017a). The current study on S. pimpinellifolium revealed multiple 
QTLs for PV in both, an interspecific (with cultivated tomato) and an intraspecific F2 population. 
Two QTLs from the interspecific population had highly significant effects in either an F3 or a 
NIL population, but not in both. This confirms the existence of the QTLs and the validity of the 
mapping experiment, and also suggests that their expression depends on additional factors. The 
cumulative effect of the QTLs from both populations was comparable to the total phenotypic 
variance explained by genetic factors (Figure 3) and to the effect of the major QTL identified by Xu 
et al. (2017a). Interestingly, none of the QTLs for tolerance of (wild) tomato pollen to LTMH from 
the two populations tested here and the previous S. lycopersicum study co-localise. Differences in 
QTL positions are more often reported when multiple populations are analysed for the same trait 
in a given species, even when using the same donor parent (Beavis et al., 1991; Blanc et al., 2006; 
Lübberstedt et al., 1998; Mihaljevic et al., 2004). This may reflect that there is a larger number 
of loci that can lead to sensitivity, not all of which are found in each sensitive parent. Thus, this 
study adds to the idea that the variation the pollen thermotolerance found among genotypes 
of tomato and its wild relative, S. pimpinellifolium, has a complex genetic basis. Although this 
means that there is not one QTL that may be applied universally, detailed information on the 
larger set of potential QTLs could be used to predict effective QTLs for given backgrounds.
Epistatic interactions or environmental effects?
Notably, the QTLs for PV detected in the different F2 populations were confirmed either in the 
F3 populations or the NILs, but not in both. Indeed, QTLs from a particular genetic background 
often show smaller effects or disappear altogether in different backgrounds (Barrantes et al., 
2016; Collins et al., 2008). One reason might be that there are interactions with other loci (i.e. 
epistasis). However, we did not find any interaction between the three identified QTLs for PV 
(Figure S4). Alternatively, there may be multiple, small-effect loci that interact with qPV1 or 
qPV4. Mapping of these interactions is challenging, both experimentally and statistically, because 
significance thresholds become low after the adjustment for the large number of pairwise tests 
for marker-marker interactions. A solution would be to use larger mapping populations in order 










































al., 2009). Moreover, background interactions seem to be more prevalent for traits that are 
already controlled by a large number of QTLs. For example, in a study of six interconnected F2 
maize populations generated from four parental inbred lines, the percentage of significant QTL 
× genetic background interactions was 8% for grain moisture, 9% for silking date, and 42% 
for grain yield, the latter arguably the most complex of these three traits (Blanc et al., 2006). 
Interactions are also suggested by the fact that we found almost equally effective QTLs from the 
tolerant and the sensitive parent. Trait improvement via loci of the recurrent parent, is a common 
observation in QTL analysis (Grandillo and Tanksley, 1996; Jagadish et al., 2010; Ye et al., 2012). 
For example, in rice, spikelet fertility under high temperature is determined by an additive and 
dominant QTL deriving from the recurrent and donor parent (Ye et al., 2012).
A second reason for the inconsistency in QTL effects between the F2, F3 and NIL populations 
could be that there is an environmental effect. For example in Arabidopsis, the effect of elevated 
temperatures on male fertility depends on humidity (Kim et al., 2001). We have found a similar 
environmental effect in tomato: under the same elevated temperatures, pollen viability of 
Nagcarlang, a thermotolerant cultivar (Chapter 2), was less affected by an increase in humidity 
than that of Moneyberg, a sensitive cultivar (data not shown). Although experimental conditions 
were kept as equal as possible, a slight decrease in humidity might have decreased the phenotypic 
difference between the two parental backgrounds used in this study and thus the effect of the 
QTLs. The observed interaction with humidity also stresses the importance of verifying QTLs in 
other environments. Determining the performance of the NILs presented in this study under 
various humidity levels might provide more insight into the stability of the QTLs. This is particularly 
relevant when breeding for stress tolerance, because environmental conditions are less stable in 
the field (Collins et al., 2008; Mackay et al., 2009). As a last reason, plant health might not have 
been optimal in all cases. 
Important floral traits beyond pollen viability
Although PV is an important trait for yield, other floral characters, such as style protrusion (SP), 
are thought to contribute to tomato fruit set, too (Dane et al., 1991; Rick and Dempsey, 1969; 
Rudich et al., 1977; Saeed et al., 2007). SP is the difference between style length (SL) and anther 
length (AL), which should be reflected in overlaps between the genetic architecture of the traits. 
In each of the populations, one of the QTLs for SP co-localised with one for SL, suggesting an 
effect of SL on SP. As for PV, the fact that the QTLs for SL and SP detected in this study were 
different in the two populations suggests that there are multiple loci that can potentially affect 
these traits, only a sub-set of which segregates in each population. qSL2 was mapped to the 
same region as SL QTLs detected in an S. lycopersicum F2 population (Xu et al., 2017a) and an 
S. lycopersicum x S. pennellii inbred line population (Chen and Tanksley, 2004). In the latter, the 
short-style allele had a 450-bp deletion upstream from the start codon of a basic helix-loop-helix 
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genotypes, and has been associated with the evolution of self-pollination in tomato (Chen et 
al., 2007). The fact that previously undetected QTLs for SL were found here suggests that other 
genes and/or processes, such as the regulation of cell division, are responsible for SL under LTMH 
compared to control conditions.
In contrast to SL, variation in AL seems to be determined by a more limited number of 
loci. In accordance to our results, AL QTLs were previously mapped to chromosomes 2 and 7 
in a backcross between S. lycopersicum and S. pimpinellifolium (Grandillo and Tanksley, 1996). 
Besides, qAL2 and qAL2.2 were mapped to the same region as a major QTL in an S. lycopersicum 
F2 population (Xu et al., 2017a) and in an S. lycopersicum x S. pennellii inbred line population 
(Chen and Tanksley, 2004). This genomic region on chromosome 2 contains five tightly linked 
genes that control stamen length (and style length, as described above). In line with a significant 
correlation between AL and the number of pollen in the interspecific population, the two QTLs 
for each of these traits co-localised. Indeed, it is likely that larger anthers are able to develop and 
support more pollen. In accordance, Xu et al. (2017a and 2017b) also detected this correlation 
under LTMH, and showed co-localisation of QTLs for these traits on chromosome 7. The detection 
of only one small-effect QTL for AL and none for PN in the intraspecific population may be due to 
the much smaller absolute variation in these traits (Table 1). Contrasting to S. lycopersicum, the 
sterile appendage of the staminal tube of S. pimpinellifolium is longer than the pollen-bearing 
portion. Consequently, their buds are long and thin in comparison to those of S. lycopersicum 
(Peralta et al., 2008). 
Our study confirms previously detected QTLs for SL and AL, indicating that the same region 
affects these traits under both optimal and LTMH conditions. However, our data suggests that SP 
under LTMH has a different genetic architecture than under control conditions. 
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Supplementary figures and tables
Table S1: Phenotypic traits of parents. 
S. pimpinellifolium S. lycopersicum
Trait Treatment LA1630, SHT120/507 LA1670, SHT069/594 Moneyberg
PN (*1000) CT 71.76 ± 20.58 101 ± 15.54 207.32 ± 74.24
LTMH 66.22 ± 10.28 26.50 ± 22.32 ** 39.54 ± 26.12 *
PV (%) CT 79.66 ± 7.68 82.83 ± 12.02 73.85 ± 10.06
LTMH 58.94 ± 8.28 19.05 ± 16.31 ** 10.59 ± 12.25 ***
SP (mm) CT 1.41 ± 0.38 0.50 ± 0 0.30 ± 0.45
LTMH 1.25 ± 0.16 0.96 ± 0.25 * 0.57 ± 0.51 *
Values represent means ± standard deviation of 3 flowers per plant under control temperature (CT) or long-
term mild heat conditions (LTMH, n=6-16). PN, number of pollen per flower; PV, pollen viability; SP, style 
protrusion. Differences between tolerant parent LA1630, SHT120/507 and susceptible parents, LA1670 
SHT069/594 and Moneyberg under LTMH were assessed by a Student’s t-test. Significance level (two-tailed): 
*, P<0.05; **, P<0.01; ***, P<0.001.
Figure S1: Correlations of methods to assess pollen quality. 
(A) Peroxidase staining versus pollen germination, (B) Amphasys versus pollen germination and (C) Amphasys 











































Figure S2: LOD profiles for measured traits along the genome in Moneyberg x S. pimpinellifolium 
LA1630 F2 population. 
Horizontal line indicates 5% genome-wide significance threshold (1000 permutations per trait). PN, number 
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Figure S3: LOD profiles for measured traits along the genome in S. pimpinellifolium LA1670 x 
S. pimpinellifolium LA1630 F2 population. 
Horizontal line indicates 5% genome-wide significance threshold (1000 permutations per trait). PN, number 










































Figure S4: Interactions between pollen viability QTLs in interspecific F2 population. 
Interaction of QTLs for pollen viability (PV) between (A) qPV1 at marker mTO68152_ks and qPV3 at solcap_
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Many plant reproductive processes, and the development of pollen in particular, are highly sensitive 
to elevated temperatures. In order to characterise mechanisms for pollen thermotolerance, we 
investigated the physiological effect of a major QTL (qPV11) for pollen viability under long-term 
mild heat (LTMH) in Solanum lycopersicum. Near isogenic lines (NILs) carrying the Nagcarlang 
allele of qPV11 had higher pollen viability under LTMH than those with the NCHS-1 allele. Levels 
of glucose and fructose, but not sucrose, were higher in the thermotolerant NILs, suggesting an 
effect on sucrose cleavage activity. Transcriptome analysis of anthers from these contrasting NILs 
showed sugar transporters and cell-wall invertases to be differentially expressed. This further 
suggests the importance of carbohydrate metabolism for pollen development under LTMH, in 
which qPV11 might play a significant role. Several of the differentially expressed genes were 
located in the qPV11 region. Moreover, the region also contained a number of genes with 
polymorphisms between the alleles. Taken together, this study provides new hypotheses for the 













































Sexual plant reproduction is important for the majority of the food supply in the world and is 
threatened because processes related to crop fertility are affected by high temperatures, such 
as during heat waves (Angadi et al., 2000; Barnabás et al., 2008; Clarke and Siddique, 2004; 
Gan et al., 2004; Gourdji et al., 2013; Hedhly et al., 2004, 2009; Jha et al., 2014; Marcelis et al., 
2004; Prasad et al., 2015; Sato et al., 2002). While plants show acclimative responses to high 
temperature to maintain cellular homeostasis, such as production of heat shock proteins and 
ROS scavengers, exposure to more severe levels of heat stress may cause irreversible damage. 
Similar to short-term heat shock conditions, long-term mild heat (LTMH) can lead to a reduction 
in the number of viable pollen that plants produce, especially when they are exposed to adverse 
conditions during early microspore development (Chapter 1, Li, 2015; Müller, 2017; Rieu et 
al., 2017; Rudich et al., 1977; Sato et al., 2002; Xu, 2016). High temperatures also lead to 
malfunctioning and premature programmed cell death (PCD) of the surrounding sporophytic 
tissue, called the tapetum, which has been suggested to mediate the heat-stress effect on 
pollen nutrition and development (De Storme and Geelen, 2014; Endo et al., 2009; Pacini et al., 
1985; Parish et al., 2012; Paupière, 2017; Rieu et al., 2017; Wu and Cheung, 2000). Especially 
alterations in carbohydrate metabolism have been suggested to lead to pollen defects under 
LTMH (Firon et al., 2006; Pressman et al., 2002; Sato et al., 2006; Xu, 2016). During flower 
development, hexose levels steadily increase in anther walls and pollen. Starch accumulates in 
late stage microspores and the level peaks just after pollen mitosis I, before being broken down 
so that simple sugars are available at pollen maturity, as energy source for pollen germination and 
tube growth (De Storme and Geelen, 2014; Firon et al., 2006). Hexose levels are tightly regulated 
by activity of sucrose synthase (SuSy) and invertases (INV). Invertases are divided in three types 
depending on the cellular localisation, i.e. cell-wall bound (CW-INV), cytoplasmic (C-INV) and 
vacuolar (V-INV) (De Storme and Geelen, 2014; Ruan et al., 2010). Under LTMH, CW-INV activity 
in the male gametophyte was significantly reduced in tomato (Pressman et al., 2006; Sato et al., 
2006). Accordingly, binucleate tomato pollen had a significantly lower starch concentration and 
level of soluble sugars (Pressman et al., 2002, 2007; Sato et al., 2006). Carbohydrate metabolism 
in anthers, in particular the regulation of invertases, has been linked to activity of plant hormones, 
such as abscisic acid (ABA) and gibberellin (GA) (De Storme and Geelen, 2014; Proels et al., 
2006). Furthermore, ABA, GA and auxin have been shown to be important in the development 
of the tapetum (Parish and Li, 2010). Hormone homeostasis may be disturbed under elevated 
temperatures: while ABA is thought to increase under heat stress, levels of bioactive GAs and 
auxin in anthers of rice, barley and Arabidopsis decreases (Sakata et al., 2010; Tang et al., 2008). 
Other hormones including ethylene, cytokinin and brassinosteroids have also been implicated 











































Although variation in reproductive heat tolerance has been described in tomato, it is 
currently unknown what the reasons for these differences are. The tomato cultivar Nagcarlang is 
thermotolerant regarding fruit setting (Dane et al., 1991; Villareal et al., 1978; Xu et al., 2017b), 
and QTL analysis in a bi-parental F2 mapping population with the thermosensitive cultivar NCHS-1 
has revealed a major QTL (qPV11) for pollen viability under LTMH (Xu et al., 2017a). To identify 
determinants of pollen thermotolerance, we analysed the molecular and physiological effects 
of qPV11 under LTMH. Furthermore, to find candidate genes for pollen thermotolerance, we 
investigated which genes in the qPV11 region were differentially expressed under LTMH and 
which genes contained polymorphisms between the QTL alleles.
Material and methods
Plant material and cultivation
An F2 plant deriving from a cross between the thermotolerant tomato cultivar Nagcarlang and 
susceptible cultivar NCHS-1 and containing qPV11 (Xu et al., 2017a) was backcrossed with the 
latter parent for two generations. Light scanner markers were used to test for presence of qPV11 
(Table S1, S2). To develop segregating near isogenic lines (NILs), an F2BC2 plant carrying qPV11 
was selfed. Offspring plants that were either homozygous for the introgression on chromosome 
11 or its absence, were exposed to a control temperature regime of 25/19°C (day/night; CT) or 
long-term mild heat of 32/26°C (LTMH) for at least 14 days, as described in Chapter 3. Cultivars 
Nagcarlang and Moneyberg were obtained from TGRC (http://tgrc.ucdavis.edu) and Enza Zaden, 
respectively.
Determination of pollen developmental stages in anthers
To determine the relation between anther size and pollen developmental stage in premature 
anthers, anthers of different sizes (measured from the receptacle to tip of anther cone) and 
developed under CT and LTMH were cut in 2-3 slices, which were put in 0.3 M mannitol. 
Subsequently, anthers were incubated in 70% ethanol at room temperature for 30 minutes 
and in 20 µL 4’,6-diamidino-2-phenylindole (DAPI; 5 µg mL-1) at room temperature for 1 hour. 
The pollen developmental stage was determined with a DM2500 microscope (Leica; Figure 1). 
Hormone analysis was done with tetrad-stage anthers (3.4-4.0 mm; from LTMH). Carbohydrate 
analysis of Nagcarlang and Moneyberg was done with anthers at early microspore (pools of 10 
cones), polarised microspore (pools of 8) and binucleate pollen (pools of 2) stages (from CT and 
LTMH). Carbohydrate analysis of the NILs was done with polarised microspores stage (pools of 
8 cones; 5.3-5.5 mm; from LTMH). Transcriptome analysis was done with anthers at tetrad-to-
early microspore stage (pools of 4 cones; 3.4-4.0 mm; from LTMH). Quantitative PCR (qPCR) was 
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cones; 3.0-3.8 and 3.4-4.0 mm), early microspore (pools of 3; 4.2-4.8 and 3.8-4.0 mm), polarised 
microspore (pools of 3; 5.4-5.6 and 5.3-5.5 mm), binucleate (pools of 2; 6.6-7.0 and 6.5-7.0 mm) 
and anthesis (single) stages (from CT and LTMH, respectively).
Figure 1: Experimental setup for transcriptomic and physiological analysis of NILs.
(A) Light microscopy and corresponding DAPI fluorescence of NCHS-1 pollen of different developmental 
stages. Bar=10 µm, (B) Corresponding flower bud size (in mm) under control (CT) and long-term mild heat 
(LTMH).
Pollen viability assay
Pollen viability was assessed using impedance flow cytometry (AMPHA Z30, Amphasys; Heidmann 
et al., 2016), as described in Chapter 3.
Hormone analysis
Sample were prepared and measured as according to Kolachevskaya et al. (2017). After fine-
homogenisation of lyophilised anther tissue (100 mg fresh weight, Figure 1), 1 mL of 80% 





2H2]GA20 (10 pmol of each compound), was added. After 
sonication (5 min), rotation (1 h, 15 rpm, 4°C) and centrifugation (10 min, 20.000 rpm, 4°C), the 
supernatant was collected and the pellet re-extracted for 1 h at 4°C with 1 mL of the extraction 
solvent. Supernatants were pooled and dried in a Speed-Vac concentrator (Savant SC210A, 
Thermo Fisher Scientific, US) up to liquid phase. After reconstituting the samples in 600 µL 100% 
methanol and sonication for 1 min, 5.4 mL 5% NH4OH was added. Samples were loaded on an 
Oasis® MAX column (6 cc 150 mg-1, Waters Co., Milford, MA, USA), after activation with 6 mL 










































were eluted with two times 3 mL 0.2 M formic acid in acetonitrile. Eluates were dried in a 
Speed-Vac concentrator and reconstituted in 60 µL of 80% 10 mM formic acid/water and 20% 
acetonitrile (v/v). Samples were injected onto a reversed-phase Acquity UPLC®System CSH C18 
column (100 9 2.1 mm, 1.7 lm; Waters Co.) of an Acquity UPLCTM I-Class Core System (Waters 
Co.). GAs were separated isocratically for 1 min at 80% of 10 mM formic acid/water (A; v/v) and 
20% of methanol (B) at a flow rate 0.35 mL min-1, and then with consecutive linear gradient to 
70 and 90% of B for 9 min. The column was kept at 50°C. The effluent was introduced into 
the electrospray ion source of a Xevo® TQ S triple quadrupole mass spectrometer (Waters MS 
Technologies, UK). The capillary voltage was set on 3 kV. The source block/desolvation temperature 
was 120/550°C with desolvation gas flow 650 L h-1. Compounds were quantified by multiple ion 
monitoring mode (MRM) with settings outlined by Urbanová et al. (2013).
For determination of auxin (IAA), jasmonic acid (JA), abscisic acid (ABA) and salicylic acid 
(SA), 1 mL of ice-cold 10% methanol extraction solution acidified with 0.05% formic acid was 
added to finely homogenised lyophilised anther tissue (70 mg fresh weight) containing internal 
standards labelled with stable isotopes: 13C6-IAA (10 pmol), 
2H6-JA (10 pmol), 
2H6-ABA (5 pmol), 
2H4-SA (15 pmol). Samples were homogenised, sonicated at 27 Hz for 3 min using an MM 301 
vibration mill (Retsch GmbH and Co. KG, Germany). After extraction for 25 min at 4°C, samples 
were centrifuged for 10 min at 14.000 rpm 4°C, and the supernatant was collected. The pellet 
was re-extracted with 1 mL of the extraction solution, and combined to the supernatant. Before 
samples were purified on Oasis®HLB columns (1 cc 30 mg-1, Waters Co., Milford, MA, USA), 
the column was calibrated with 2 mL 100% methanol, followed by 2 mL 10% methanol with 
0.05% formic acid. Samples were washed with 3 mL mQ, eluted by 80% methanol, dried in a 
Speed-Vac concentrator and reconstituted in a small volume of mobile phase acetonitrile: 15 mM 
formic acid (15/85, v/v) prior to UHPLC-MS/MS analysis, as described for the GA measurement. 
Compounds were separated on a reversed phase column (Acquity UPLC® CSHTM C18; 2.1 9 
100 mm; 1.7 lm; Waters, Ireland) by gradient elution for 14 min, using 15 mM formic acid/water 
and acetonitrile (Floková et al., 2014, with modifications). The column eluate was introduced in 
the ESI source of the tandem mass spectrometer, as described for the GA measurements. The 
MassLynxTM software (version 4.1, Waters, USA) was used to operate the instrument, acquisition 
and processing of MS data.
Soluble carbohydrate measurement
All sampled tissues were directly frozen in liquid nitrogen before freeze drying overnight. Soluble 
carbohydrates were determined as described by Ribeiro et al., (2014), with minor modifications. 
Eight milligrams of freeze-dried anthers were homogenised in 1 mL of methanol (80% v/v) with 
the addition of 40 µg mL-1 melezitose as internal standard. Samples were incubated in a water 
bath for 15 minutes at 76°C before being completely dried by vacuum centrifugation. After 
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g. The supernatant was injected into a Dionex HPLC system (Dionex, Sunnyvale, CA, USA), and 
analysed using a CarboPac PA100 4 × 250-mm column followed by a guard column (CarboPac 
PA100, 4 × 50 mm), a gradient pump module (model GP40) and an ED40-pulsed electrochemical 
detector. Mono-, di-, and trisaccharides were separated by elution in an increasing concentration 
of NaOH (50-200 mM) with a flow rate of 1 mL min-1. By the co-elution of standards, peaks were 
identified. The final sugar quantity was corrected via the internal standard and transformed to 
micrograms of sugar per milligram of dry weight.
RNA sequencing
Anthers were immediately frozen in liquid nitrogen upon sampling. RNA extraction was done 
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according the manufacturer’s protocol. 
The RNA quantity and quality were determined by UV-Vis spectrophotometry (NanoDrop ND-
1000, NanoDrop Technologies, Wilmington, DE, USA) and gel electrophoresis (1.5% agarose), 
respectively. After a RNase-free DNaseI treatment (Thermo Fisher Scientific), 100 ng total RNA was 
used for polyA tail purification and cDNA synthesis (New Englands Biolabs, Ipswich, MA, USA). 
cDNA was purified using AMPure XP beads (Beckman Coulter Life Sciences, Indianapolis, IN, USA) 
and quantified by Qubit® 2.0 Fluorometer (Thermo Fisher Scientific). After fragmentation and 
adapter sequence annealing, all samples were indexed and amplified using the Nextera®XT DNA 
Library Prep (Illumina, San Diego, CA, USA) according the manufacturer’s protocol. Using Qubit® 
2.0 Fluorometer (Thermo Fisher Scientific), the libraries were normalised before being multiplexed 
and purified by AMPure XP beads (Beckman Coulter Life Sciences). This multiplexed sample was 
allocated to a channel with paired end 2x125bp read module and sequenced on an Illumina 
HiSeq-2500 platform by GenomeScan, Leiden, The Netherlands.
Raw Illumina reads (FASTQ, 151 bp paired-end, Phred33) were analysed using the FastQC 
software (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) for a preliminary 
evaluation of sequence quality. Reads were processed by Trimmomatic in order to cut adapter and 
other Illumina-specific sequences and filter out low quality reads, using the following parameters: 
LEADING:30 TRAILING:30 SLIDINGWINDOW:10:30 CROP:15 HEADCROP:136 MINLEN:75. The 
reads were aligned to the tomato reference genome (SL3.0) using TopHat2 (Version 2.1.1), setting 
the minimum and maximum intron size to 36 to 115.322, respectively. Htseq-count (HTSeq-0.9.0) 
was used in the ‘union’ mode to obtain the number of reads mapping to each tomato gene 
locus as annotated in the file ITAG3.2_gene_models.gff3 (ftp://ftp.solgenomics.net/genomes/
Solanum_lycopersicum/annotation/ITAG3.2_release). Two independent runs of htseq-count were 
performed, one for paired-end reads and one for single-end reads.
Statistical overrepresentation tests were performed via the protein annotation through 
evolutionary relationship (PANTHER) analysis version 12.0, using the “GO biological process 
complete” annotation data set of Solanum lycopersicum (Mi et al., 2013). A binomial test, 










































overrepresentation or underrepresentation of the genes and/or proteins in the test list relative 
to the reference list. Gene Set Enrichment Analysis (GSEA) was performed using GSEA v3.0 
(Subramanian et al., 2005) using GoMapMan (Ramšak et al., 2014) annotations and manually 
curated gene sets with pollen development related genes, ROS enzyme genes and Hsf/HSP genes. 
Moreover, differentially expressed genes were manually checked for genes of interest based on 
heat-response studies (Fragkostefanakis et al., 2016; Li, 2015; Xu, 2016).
To independently call polymorphisms from RNA-seq samples of the two types of NILs, 
the SAMtools mpileup function with a read depth of <100 was used. Shared and “private” 
polymorphisms were filtered out using the vcf-isec command from the VCFtools package based 
on VCF files that were previously annotated using both gene coordinates including introns 
and coding sequence coordinates from ITAG3.2_gene_models.gff3. Polymorphisms underlying 
qPV11 and located in the coding sequences were analysed with SNPeff (version 4.3T, http://
snpeff.sourceforge.net/) in order to annotate variants and predict their effects on genes.
Quantitative RT-PCR
Anthers were frozen in liquid nitrogen immediately after sampling. Total RNA was extracted using 
TRIzol reagent (Invitrogen) according the manufacturer’s protocol. The RNA quantity and quality 
was determined by a NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies) 
and by 1.5% agarose gel electrophoresis, respectively. cDNA was synthesised from total RNA 
using the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA), according to the manufacturer’s 
protocol. qPCR was performed on a BioMark 96.96 Dynamic Array IFC (Fluidigm, South San 
Francisco, CA, USA) using 10 ng µL-1 cDNA and 100 mM primers, designed with Beacon Designer 
5.01 (Premier Biosoft International, Palo Alto, CA, USA) or adopted from other studies (Table S3). 
Quantification of differential expression was performed as described by Rieu and Powers (2009), 
using a primer efficiency of 2.
Statistical analysis
Significance in PV was determined by a one-way ANOVA and means of genotypes were separated 
by Tukey’s HSD post-hoc test. Significant differences in hormone and carbohydrate content 
between the genotypes were determined by an independent Student’s t-test. These statistical 
analyses were performed with SPSS v21 (IBM, NY, USA).
The total counted reads were further processed using the R-package DESeq2 (Love et al., 
2014), using the default settings. Based on normalised read counts, differential expression calls 
were performed using DESeq2 with false discovery rate (FDR) q-values calculated according to 
the Benjamini and Hochberg procedure (Benjamini and Hochberg, 1995). Significant differentially 
expressed genes (DEGs) were identified using cut-off values set at a FDR q<0.05 and a log2 fold 
change of >1. Significance of differences between frequencies of DEGs in the region of the 
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Values between RNA-seq and qPCR were compared by a Pearson correlation analysis. Moreover, 
qPCR data were analysed with a three-way ANOVA and, in case of significant effect of the 
genotype, followed by a one-way ANOVA at each developmental stage with a LSD post-hoc test. 
Results
Phenotypic effect of qPV11 in NILs
To study the molecular and physiological background of pollen tolerance to long-term mild heat 
(LTMH), a segregating NIL population was developed by selfing of an F2BC2 plant heterozygous 
for a major QTL for pollen thermotolerance, qPV11 (Xu et al., 2017a). In accordance with 
reported data from F2 and F3 populations, and closely mimicking the phenotypes of the parental 
cultivars, viability of pollen (PV) from NIL plants homozygous for the Nagcarlang allele of qPV11 
was significantly higher (~25%) than that from plants homozygous for the NCHS-1 allele, when 
grown under LTMH (Figure 2).
Figure 2: Pollen viability in NIL plants grown under LTMH.
Percentage viable pollen (PV) in NIL plants and parents cultivars. A and B refer to the allele of the donor parent 
Nagcarlang (NAG) and recurrent parent NCHS-1, on the position of qPV11 and flanking markers (Table S1), 
respectively. Values represent the mean ± standard deviation (n=24-32 plants per NIL type and 6 plants per 
parent cultivar). Significant differences between genotypes were determined by a one-way ANOVA and were 
separated by Tukey’s HSD post-hoc test, labelled here with different lower case characters, P<0.001. 
Hormone levels
In order to investigate whether hormones are involved in determining the difference in PV under 
LTMH between the contrasting NILs, levels of gibberellins (GA), auxin, jasmonic acid, abscisic 
acid and salicylic acid were measured in anthers containing tetrads, the stage most sensitive to 
LTMH (Figure 1). No differences in hormone levels were found between the two NILs (Figure 3). 
Regarding GA, levels of other bioactive types (GA1, GA4 and GA9) were below detection level, and 










































Figure 3: Hormone levels in anthers at tetrad stage of NILs. 
Levels of (A) gibberellin, GA3; (B) auxin, IAA; (C) jasmonic acid, JA; (D) abscisic acid, ABA, and (E) salicylic 
acid, SA. Levels of GA1, GA4 and GA9 could not be detected. Values represent the mean ± standard deviation 
(n=4 pools of 4 NIL plants). A and B refer to the allele of the donor parent Nagcarlang and recurrent parent 
NCHS-1, on the position of qPV11 and flanking markers (Table S1), respectively. No significant differences 
were detected using independent Student’s t-tests.
Carbohydrate levels
The most abundant carbohydrates, sucrose, glucose and fructose, were measured in anthers from 
two cultivars, Nagcarlang and Moneyberg, at several developmental stages, under control (CT) 
and LTMH. While sucrose levels stayed relatively stable over development from early microspore 
to binucleate stage, glucose and fructose levels strongly increased (Figure 4). In Nagcarlang 
plants, which are relatively thermotolerant regarding PV, sucrose levels were slightly higher under 
LTMH, especially at polarised microspore stage. Glucose and fructose levels were slightly lower, 
at early microspore stage. In Moneyberg plants, which are more sensitive to LTMH (Chapter 
2), the overall effect of LTMH was comparable, but stronger and more persistent towards later 
developmental stages. This suggests that the sensitive genotype is less able to maintain the 
carbohydrate metabolism under LTMH.
In order to determine whether an altered carbohydrate metabolism could explain the 
difference in PV between the two contrasting NILs, the carbohydrate content in anthers 
containing polarised pollen was determined. The major carbohydrate in the anthers was sucrose 
(52% of total carbohydrates detected), followed by fructose (21%) and glucose (14%). The 
absolute content of trehalose, sorbitol, xylose and sucrose was not significantly different between 
the NILs, but the relative abundance of sucrose was significantly lower in plants carrying the 
thermotolerant allele of qPV11 (Figure 5; 45% and 57% with and without the QTL, respectively; 
Student’s t-test, P<0.001). In contrast, absolute and relative levels of glucose, fructose, galactinol 
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Figure 4: Carbohydrates in anther tissue of Nagcarlang and Moneyberg. 
Carbohydrate content in anthers containing early microspores (mi), polarised microspores (pol) and binucleate 
pollen (bi) in Nagcarlang and Moneyberg plants exposed to control (CT) and long-term mild heat (LTMH). 
Values represent the mean ± standard deviation (n=3 plants). Significance of the differences between the two 











































Figure 5: Carbohydrate metabolic pathway and carbohydrate content in anthers containing 
polarised pollen of NIL plants. Values represent the mean ± standard deviation (n=20 plants). A and B 
refer to the allele of the donor parent Nagcarlang and recurrent parent NCHS-1, on the position of qPV11 
and flanking markers (Table S1), respectively. Significant differences between the two genotypes determined 
by independent Student’s t-tests. Significance level (two-tailed): *, P<0.05; **, P<0.01; ***, P<0.001.
Transcriptome effects of qPV11
RNA-seq-based transcriptome analysis of tetrad-to-early microspore stage anthers from the 
two contrasting NILs exposed to LTMH revealed 150 differentially expressed genes (DEGs) (FDR 
q-value <0.05; Table 1). The significant correlation with data obtained for 13 DEGs by qPCR on 
independent samples (Figure S1), supported the reliability of the RNA-seq results. As expected, 
there was a significant enrichment of DEGs in the region of the qPV11 introgression (24 DEGs out 
of 622 genes in the qPV11 region [4%], 126 out of 35146 outside the qPV11 region [0.4%]; chi-
square test, P<0.001). Out of the 150 DEGs, 116 genes showed a significant higher expression 
in NILs carrying qPV11. Analysis of the whole set of DEGs did not reveal enrichment for any GO 
terms. Similarly, manually curated, functional or MapMan-derived gene sets were not significantly 
enriched. Next, DEGs were individually checked for putative relations to anther and pollen 
development and the physiological processes thought to be influenced by qPV11. With regard 








































Transcriptomic and physiological analysis for pollen thermotolerance in anthers 
107
4
and sugar transporter protein (STP) 5 (Solyc01g010530) were significantly higher expressed in 
NILs with qPV11 (Table 1). To better understand the effect of LTMH on sucrose cleavage and 
hexose transport, we looked at expression of the members of the invertase, sucrose synthase and 
sugar transporter families in anthers of plants with and without the qPV11 introgression during 
development under control (CT) and LTMH (Figure 6, Table S4). Differential expression of LIN9 
could not be confirmed at the early microspore stage by qPCR. However, this gene was significantly 
higher expressed at the subsequent polarised microspore and binucleate pollen stages in plant 
containing the QTL. Similarly, cell-wall invertase (CW-INV) INV2 (Solyc10g085360), was expressed 
higher at the binucleate pollen stage anther of pV11 plants. In accordance to the RNA-seq analysis, 
differential expression of SlSTP5 was confirmed at the early microspore stage by qPCR. Moreover, 
at the binucleate stage, this gene was differentially expressed between the two genotypes. An 
expression pattern similar to that of SlSTP5, was noticed for SlSTP6 (Solyc08g080300), CW-INV 
LIN5 and sucrose synthase SUS5 (Solyc03g098290), all showing a peak of expression earlier in 
development in the lines containing qPV11. Most of these differences were independent of the 
temperature treatment, except in case of SlSTP6. 
Furthermore, three ROS-related genes, encoding a catalase (Solyc01g099420), a methionine 
sulphoxide reductase A (Solyc02g084030) and a thioredoxin reductase (Solyc01g104434), 
were lower expressed in qPV11 NILs (Table 1). Also, 18 genes that were found to be heat 
responsive in other studies in tomato (Fragkostefanakis et al., 2016; Li, 2015; Xu, 2016), were 
differentially expressed between the NILs, including two heat shock proteins (HSPs): one small 










































Table 1: Differentially expressed genes between qPV11 NILs.
Solyc code FC1 FDR2 Functional description ITAG3.0 QTL3 GOI4
Solyc11g011570 3.04 0.00 RING/U-box superfamily protein (AHRD V3.3 *-* AT3G19950.3) Y
Solyc11g008520 2.15 0.00 Dicer-like 2c Y HT upa
Solyc09g011330 1.82 0.00 Serine/threonine-protein kinase (AHRD V3.3 *** M1C8X1_SOLTU)
Solyc11g013620 1.73 0.00 myb-like transcription factor family protein (AHRD V3.3 *-* 
AT5G61620.1)
Solyc11g006740 1.51 0.00 F-box protein PP2 (AHRD V3.3 *** A0A059PC27_CICAR) Y HT upac
Solyc02g067200 1.25 0.00 Pentatricopeptide repeat-containing protein, putative (AHRD V3.3 
*** B9T4E7_RI
Solyc06g048600 1.12 0.00 Response regulator 7
Solyc08g005280 1.12 0.00 Cellulose synthase (AHRD V3.3 *** A0A118JX74_CYNCS)
Solyc11g011080 1.10 0.00 disease resistance protein (TIR-NBS-LRR class) (AHRD V3.3 *** 
AT5G17680.1)
Y
Solyc05g008390 1.09 0.00 RING/FYVE/PHD zinc finger superfamily protein 
Solyc11g010790 1.08 0.00 UDP-glycosyltransferase (AHRD V3.3 *** A0A165XS50_DAUCA) Y
Solyc07g006840 1.07 0.00 NAC domain protein (AHRD V3.3 *-* S5RDR3_9ROSA) HT downa
Solyc03g119630 1.06 0.00 Heavy metal transport/detoxification superfamily protein (AHRD 
V3.3 --* AT5G24
Solyc12g008840 1.05 0.00 beta-galactosidase 4
Solyc01g102875 1.02 0.00 Germin family protein (AHRD V3.3 *** G7I5N4_MEDTR)
Solyc05g050090 0.98 0.00 Fatty acid/sphingolipid desaturase (AHRD V3.3 *** AT2G46210.1)
Solyc08g079080 0.97 0.00 symbol=lin9 carb
Solyc02g081190 0.97 0.00 1-aminocyclopropane-1-carboxylate oxidase 4
Solyc04g077030 0.97 0.00 Xylulose kinase, putative (AHRD V3.3 *** A0A061FE36_THECC)
Solyc05g010490 0.96 0.00 LOW QUALITY:F-box family protein (AHRD V3.3 *-* 
AT3G06240.1)
Solyc08g066350 0.95 0.00 Histidine phosphotransfer protein (AHRD V3.3 *** A0A061GBY7_
THECC)
Solyc09g011670 0.94 0.00 Adenine nucleotide alpha hydrolases-like superfamily protein 
(AHRD V3.3 *** AT
Solyc03g062740 0.94 0.00 acyl-activating enzyme 17 (AHRD V3.3 --* AT5G23050.1)
Solyc06g069410 0.93 0.00 ADP,ATP carrier protein, mitochondrial (AHRD V3.3 *** ADT_
ORYSJ)
Solyc01g010530 0.93 0.00 Sugar transporter protein 5 carb
Solyc03g122170 0.92 0.00 Peroxisomal (S)-2-hydroxy-acid oxidase (AHRD V3.3 *** GOX_
SPIOL)
HT downa
Solyc01g111790 0.91 0.01 Serine/threonine protein phosphatase 2A regulatory subunit B 
(AHRD V3.3 *** B9
Solyc12g056560 0.89 0.00 Heat shock family protein (AHRD V3.3 *-* B9GTI4_POPTR) HSPb
Solyc01g100980 0.89 0.01 Pectin lyase-like superfamily protein (AHRD V3.3 *** 
AT1G02460.1)
Solyc09g091200 0.88 0.01 Serinc-domain containing serine and sphingolipid biosynthesis 
protein (AHRD V3
Solyc05g012490 0.88 0.01 LOW QUALITY:Zinc finger family protein (AHRD V3.3 *** 
B9HID5_POPTR)
Solyc05g010530 0.87 0.01 Protein kinase family protein (AHRD V3.3 *-* AT5G38210.2)
Solyc05g054890 0.86 0.00 ABC transporter family protein (AHRD V3.3 *** B9HTY6_POPTR)
Solyc03g046410 0.86 0.02 LOW QUALITY:myosin heavy chain, cardiac protein (AHRD V3.3 
--* AT5G26770.6)
Solyc03g113310 0.86 0.02 LOW QUALITY:Pseudouridine synthase family protein (AHRD V3.3 
--* AT3G52260.4)
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Solyc code FC1 FDR2 Functional description ITAG3.0 QTL3 GOI4
Solyc03g112120 0.84 0.01 Protein prune (AHRD V3.3 *** A0A1D1YXQ3_9ARAE)
Solyc08g076060 0.84 0.02 Serine/Threonine kinase family protein (AHRD V3.3 *** G7L990_
MEDTR)
Solyc04g010250 0.84 0.02 alpha/beta-Hydrolases superfamily protein (AHRD V3.3 *** 
AT2G39420.1)
Solyc06g072310 0.83 0.01 Homeobox-leucine zipper family protein (AHRD V3.3 *** 
B9N3B2_POPTR)
Solyc06g071900 0.82 0.00 Pentatricopeptide repeat-containing protein (AHRD V3.3 *** 
A0A118JW05_CYNCS)
Solyc10g024370 0.82 0.02 Phospholipase D (AHRD V3.3 *** K4CZ56_SOLLC)
Solyc00g042840 0.82 0.01 LOW QUALITY:F-box family protein (AHRD V3.3 *** B9H429_
POPTR)
Solyc07g056320 0.82 0.01 Glycerol-3-phosphate acyltransferase (AHRD V3.3 *** G7K3C7_
MEDTR)
Solyc01g099960 0.82 0.00 Pectinesterase (AHRD V3.3 *** K4B130_SOLLC)
Solyc01g008450 0.82 0.03 LOW QUALITY:transmembrane protein (AHRD V3.3 --* 
AT5G07165.1)
Solyc11g010330 0.82 0.01 RING/U-box superfamily protein, putative (AHRD V3.3 *** 
A0A061E293_THECC)
Y
Solyc09g014325 0.81 0.03 S-adenosyl-L-methionine-dependent methyltransferases 
superfamily protein (AHRD
Solyc06g036060 0.81 0.02 Zinc finger, C2H2 (AHRD V3.3 *-* A0A103YJ68_CYNCS)
Solyc03g019710 0.81 0.03 TDR8
Solyc11g010290 0.80 0.02 2-oxoglutarate/malate translocator, chloroplastic (AHRD V3.3 *** 
A0A1D1ZLG4_9A
Y
Solyc05g050130 0.80 0.01 Acidic endochitinase (AHRD V3.3 *** CHIA_TOBAC) HT up/downab
Solyc11g011535 0.80 0.00 D-arabinono-1,4-lactone oxidase family protein (AHRD V3.3 --* 
AT1G32300.1)
Y
Solyc02g024075 0.79 0.04 TIR-NBS-LRR class disease resistance protein (AHRD V3.3 --* 
AT4G16890.5)
Solyc03g083460 0.79 0.02 RING/U-box superfamily protein (AHRD V3.3 *** AT5G53110.1)
Solyc06g072350 0.78 0.01 CASP-like protein (AHRD V3.3 *** K4C8V5_SOLLC)
Solyc07g051930 0.77 0.04 MAP kinase kinase kinase 55
Solyc04g056746 0.77 0.03 Pentatricopeptide repeat-containing protein, putative (AHRD V3.3 
*** B9SM34_RI
Solyc08g007350 0.77 0.04 LOW QUALITY:Werner Syndrome-like exonuclease (AHRD V3.3 
*** W9SHU8_9ROSA)
Solyc12g096210 0.77 0.04 F-box/RNI-like superfamily protein (AHRD V3.3 --* AT1G06630.9)
Solyc06g009500 0.77 0.00 LOW QUALITY:Pentatricopeptide repeat-containing protein 
Solyc03g097320 0.77 0.03 Sigma factor (AHRD V3.3 *** Q9SLX4_TOBAC) qPV4
Solyc01g102880 0.76 0.01 Disease resistance protein (TIR-NBS-LRR class) family (AHRD V3.3 
*-* AT5G36930
Solyc03g121780 0.76 0.04 LOW QUALITY:Kinase family protein (AHRD V3.3 *** B9IJN5_
POPTR)
Solyc10g008510 0.76 0.00 Pentatricopeptide repeat (PPR-like) superfamily protein (AHRD 
V3.3 *** AT1G035
HT upa
Solyc02g078670 0.76 0.02 COP1-interacting protein, putative (AHRD V3.3 *** 
A0A072VAF6_MEDTR)
Solyc05g008260 0.76 0.02 Peptidyl serine alpha-galactosyltransferase (AHRD V3.3 *** 
H3JU07_TOBAC)
HT downa
Solyc04g078140 0.76 0.04 Cytochrome B5 (AHRD V3.3 *** Q9ZSP7_PETHY)










































Solyc code FC1 FDR2 Functional description ITAG3.0 QTL3 GOI4
Solyc08g006460 0.75 0.00 RING/U-box superfamily protein (AHRD V3.3 *** AT5G10650.2)
Solyc10g005820 0.74 0.04 Farnesyl diphosphate synthase (AHRD V3.3 *** A0A0H5AZB7_
NICBE)
Solyc09g072610 0.73 0.01 Long-chain-alcohol oxidase (AHRD V3.3 *** K4CUT7_SOLLC)
Solyc06g071620 0.71 0.04 U5 small nuclear ribonucleoprotein helicase (AHRD V3.3 *** 
AT1G20960.2)
Solyc09g014320 0.70 0.04 S-adenosyl-L-methionine-dependent methyltransferases 
superfamily protein (AHRD
Solyc11g022400 0.70 0.00 C2 calcium/lipid-binding plant phosphoribosyltransferase family 
protein (AHRD
Solyc01g097840 0.69 0.04 MAP kinase kinase kinase 6
Solyc03g117790 0.69 0.04 Kinase (AHRD V3.3 *** D7KWK7_ARALL)
Solyc10g011660 0.68 0.01 Auxin-responsive GH3 family protein (AHRD V3.3 *** 
AT2G46370.4)
Solyc11g070110 0.67 0.00 Clathrin interactor EPSIN 1 (AHRD V3.3 *** A0A0B2QBN6_
GLYSO)
Solyc09g005290 0.67 0.02 LOW QUALITY:Nbs-lrr resistance protein, putative (AHRD V3.3 *** 
A0A061FEU3_THE
Solyc10g083860 0.67 0.04 Glycosyltransferase (AHRD V3.3 *** A0A061EUB6_THECC)
Solyc11g072380 0.65 0.03 Vicilin-like antimicrobial peptides 2-2 (AHRD V3.3 *** 
W9SCA8_9ROSA)
Solyc01g091210 0.65 0.00 RNA 2’-phosphotransferase isoform 2 (AHRD V3.3 *** 
A0A061DV31_THECC)
Solyc04g082030 0.65 0.04 ornithine decarboxylase HT downa
Solyc04g080830 0.64 0.00 Pentatricopeptide repeat (PPR-like) superfamily protein (AHRD 
V3.3 *** AT1G197
Solyc12g099170 0.64 0.03 F-box family protein (AHRD V3.3 *** AT5G49610.1)
Solyc12g096830 0.64 0.03 Glycosyltransferase (AHRD V3.3 *** K4DHF6_SOLLC)
Solyc02g069500 0.62 0.02 Pentatricopeptide repeat-containing protein (AHRD V3.3 *** 
A0A103XQS1_CYNCS)
Solyc01g107910 0.62 0.03 Caffeoyl CoA O-methyltransferase (AHRD V3.3 *** 
A0A0S2UWA5_PETHY)
Solyc02g091120 0.61 0.01 DNA ligase (AHRD V3.3 *** K4BCR1_SOLLC) HT downa
Solyc02g079050 0.61 0.00 Anaphase-promoting complex subunit 4 (AHRD V3.3 *** 
A0A151T237_CAJCA)
Solyc07g045420 0.60 0.00 ABC1 kinase (AHRD V3.3 *** B9DGY1_ARATH) HT downa
Solyc01g109050 0.60 0.02 glycosyl hydrolase family protein 43 (AHRD V3.3 *** 
AT3G49880.1)
Solyc01g107700 0.59 0.00 Kynurenine formamidase (AHRD V3.3 *** A0A1D1Y8U0_9ARAE)
Solyc09g075950 0.59 0.04 Heat shock protein 70 (AHRD V3.3 *** B9HJX1_POPTR) HSPac
Solyc09g008130 0.57 0.01 Phosphoglycerate kinase (AHRD V3.3 *** K4CQK2_SOLLC)
Solyc07g065080 0.55 0.01 Fimbrin-like potential actin filament bundling protein (AHRD V1 
*--* Q5AC06_CA
Solyc08g080520 0.55 0.04 DNA topoisomerase 4 subunit B (DUF810) (AHRD V3.3 *** 
AT4G11670.2)
HT upa
Solyc02g081500 0.54 0.02 Receptor kinase LRK10
Solyc11g010380 0.53 0.01 Protein DETOXIFICATION (AHRD V3.3 *** K4D5J9_SOLLC) Y
Solyc11g012470 0.53 0.03 RNA-binding protein, putative (AHRD V3.3 *** Q1ENZ5_MUSAC) Y
Solyc10g008870 0.52 0.03 Transcription elongation factor 1 homolog (AHRD V3.3 *** 
ELOF1_ORYSJ)
HT downa
Solyc01g109760 0.51 0.01 LOW QUALITY:Nodulin-like / Major Facilitator Superfamily protein 
(AHRD V3.3 *-
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Solyc code FC1 FDR2 Functional description ITAG3.0 QTL3 GOI4
Solyc11g011548 0.49 0.00 F-box family protein (AHRD V3.3 *** B9HWR1_POPTR) Y
Solyc11g011060 0.49 0.00 disease resistance protein (TIR-NBS-LRR class) (AHRD V3.3 *-* 
AT5G17680.1)
Y
Solyc11g013810 0.49 0.04 Nitrate reductase (AHRD V3.3 *** K4D6I5_SOLLC)
Solyc10g077000 0.48 0.04 Transmembrane protein, putative (AHRD V3.3 *-* G7L2Q0_
MEDTR)
Solyc06g006110 0.48 0.04 vacuolar cation/proton exchanger (AHRD V3.3 *** AT1G55720.2) HT downa
Solyc12g056550 0.47 0.04 LOW QUALITY:Plant/F1M20-13 protein (AHRD V3.3 *** G7IBZ7_
MEDTR)
Solyc06g074070 0.47 0.04 Receptor-kinase-like protein (AHRD V3.3 *** A0A072U3D4_
MEDTR)
Solyc12g099175 0.46 0.04 F-box protein (AHRD V3.3 --* A0A0B2QYH5_GLYSO)
Solyc04g078920 0.45 0.04 Peroxisomal multifunctional enzyme type 2 (AHRD V3.3 *** 
A0A0B2RV47_GLYSO)
HT downa
Solyc11g022460 0.44 0.01 C2 calcium/lipid-binding plant phosphoribosyltransferase family 
protein (AHRD
Solyc07g042000 0.44 0.00 Cation calcium exchanger (AHRD V3.3 *** G7L7L8_MEDTR)
Solyc07g016170 0.33 0.04 L-arabinokinase (AHRD V3.3 *** ARAK_ARATH)
Solyc02g089263 0.26 0.03 auxin transport protein (BIG) (AHRD V3.3 *** AT3G02260.3)
Solyc11g011910 -0.28 0.02 Transmembrane 9 superfamily member (AHRD V3.3 *** K4D5Z6_
SOLLC)
Y
Solyc11g011220 -0.33 0.01 Transmembrane protein (AHRD V3.3 *** A0A0B0N9X1_GOSAR) Y HT up/downab
Solyc02g090670 -0.41 0.00 Methionine aminopeptidase 1 (AHRD V3.3 *** M1BAG1_SOLTU)
Solyc11g005680 -0.46 0.00 Ribosomal protein S13 (AHRD V3.3 *** A0A103XPA4_CYNCS)
Solyc11g018600 -0.49 0.01 NAD(P)-binding Rossmann-fold superfamily protein (AHRD V3.3 
*** AT3G51680.1),P
Solyc02g084030 -0.53 0.01 Peptide methionine sulfoxide reductase family protein (AHRD V3.3 
*** AT2G18030
ROS
Solyc11g010460 -0.62 0.02 cyclinD4_1 Y
Solyc11g010920 -0.64 0.01 Kinesin-like protein (AHRD V3.3 *** A0A061DHI4_THECC) Y HT downa
Solyc02g089330 -0.66 0.05 DNA-directed RNA polymerase (AHRD V3.3 *-* A0A0V0IYF1_
SOLCH)
Solyc03g117540 -0.67 0.01 ABC transporter family protein (AHRD V3.3 *-* A0A097P9P6_
HEVBR)
Solyc11g012320 -0.69 0.00 SKP1-like 12 (AHRD V3.3 --* AT4G34470.1) Y
Solyc02g068795 -0.69 0.05 Rho GTPase activation protein (RhoGAP) with PH domain-
containing protein (AHRD
Solyc01g102680 -0.72 0.02 Leucine-rich repeat receptor-like protein kinase (AHRD V3.3 *-* 
Q8GY50_ARATH)
Solyc06g082260 -0.72 0.03 Laccase (AHRD V3.3 *** A0A1B0YZD2_DAUCA)
Solyc01g089990 -0.75 0.01 Major facilitator superfamily protein (AHRD V3.3 *-* 
AT2G44280.4)
Solyc11g007520 -0.76 0.02 LOW QUALITY:Methylcrotonoyl-CoA carboxylase subunit alpha, 
mitochondrial
Y
Solyc02g090040 -0.76 0.00 CTP synthase family protein (AHRD V3.3 *-* AT4G20320.6)
Solyc01g099415 -0.79 0.00 ATP-dependent DNA helicase Q-like SIM (AHRD V3.3 *-* 
A0A1D1ZDN4_9ARAE)
Solyc10g047610 -0.79 0.02 Arginine/serine-rich splicing factor, putative (AHRD V3.3 --* 
B9SGV2_RICCO)
Solyc11g010780 -0.83 0.02 UDP-glycosyltransferase (AHRD V3.3 *** A0A165XS50_DAUCA) Y










































Solyc code FC1 FDR2 Functional description ITAG3.0 QTL3 GOI4
Solyc01g099480 -0.86 0.00 RecQ family ATP-dependent DNA helicase (AHRD V3.3 *-* 
G7I8P0_MEDTR)
Solyc11g010760 -0.88 0.00 Glycosyltransferase (AHRD V3.3 *** K4D5N3_SOLLC) Y
Solyc01g099420 -0.89 0.01 Catalase (AHRD V3.3 *-* Q6T2D5_SOLTU) ROS
Solyc01g107675 -0.91 0.00 Chloroplast envelope membrane protein (AHRD V3.3 --* CEMA_
OENGL)
Solyc01g104434 -0.93 0.00 Thioredoxin reductase (AHRD V3.3 --* I1GYQ0_BRADI) ROS
Solyc01g102675 -0.97 0.00 Leucine-rich repeat receptor-like protein kinase (AHRD V3.3 *-* 
Q8GY50_ARATH)
Solyc11g010860 -1.03 0.00 RING/U-box superfamily protein (AHRD V3.3 *-* AT1G74620.1) Y
Solyc01g104430 -1.05 0.00 Nuclear pore complex protein Nup98b (AHRD V3.3 *-* W6JLG1_
NICBE)
HT upa
Solyc11g028070 -1.09 0.00 Defensin-like protein (AHRD V3.3 *** DEF_TOBAC)
Solyc11g011000 -1.20 0.00 Cysteine-rich repeat secretory protein 60 (AHRD V3.3 *** 
A0A061EEI8_THECC)
Y
Solyc00g227860 -1.21 0.00 UDP-glycosyltransferase (AHRD V3.3 *** A0A165XS50_DAUCA)
Solyc11g016930 -1.61 0.00 Leucine-rich repeat receptor-like protein kinase (AHRD V3.3 *-* 
C0LGE9_ARATH)
Solyc11g010870 -4.07 0.00 chromatin remodelling factor CHD3 (PICKLE) (AHRD V3.3 --* 
AT2G25170.4)
Y  
1Log2 fold changes (FC) represents the ratio in expression level between NILs with qPV11 and NILs without 
qPV11.
2q-values false discovery rate (FDR).
3Gene located within estimated position of qPV11.
4Genes of interest (GOI) commonly reactive to high temperatures (HT up and HT down according to: aLi, 2015; 
bXu, 2016;
cFragkostefanakis et al., 2016), or with putative relations to carbohydrate metabolism (carb), reactive oxygen 
species scavenging (ROS), heat shock protein (HSP) or qPV4 (Chapter 3).
Dashed line indicates the border between more and less than two-fold higher or lower expressed genes
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Figure 6: Expression of carbohydrate related genes during anther development.
Gene expression profile from anthers containing tetrads (tet), early microspores (mi), polarised microspores 
(pol), binucleate (bi) and mature (mat) pollen. Significant differences between plants containing qPV11 
(+qPV11) and without qPV11 (-qPV11) under control (CT, *) and long-term mild heat (LTMH, #) were 
determined by one-way ANOVA with LSD post-hoc test: */#, P<0.05; **/##, P<0.01; ***/###, P<0.001. Three-










































Candidate genes for qPV11
QTLs are commonly caused by misexpression of a gene or altered activity of an encoded protein, 
due to a change in amino acid sequence. Of the 24 DEGs present in the putative qPV11 region, 
14 were higher expressed when derived from Nagcarlang, five of which more than two fold 
(Table 1). Among them, Dicer-like 2c (Solyc11g008520) and F-box protein PP2 (Solyc11g006740) 
were reported to be heat responsive in previous studies. qPCR analysis of a developmental series 
confirmed four of these five genes to be higher expressed in NILs containing the qPV11 allele 
(Figure 7A, Table S5). Of the 10 genes with lower expression from the tolerant qPV11 allele, 
chromatin remodelling factor CHD3 PICKLE (Solyc11g010870), Cysteine rich repeat secretory 
protein 60 (Solyc11g011000) and a RING/U-box superfamily protein (Solyc11g010860) were 
affected more than two fold. qPCR analysis of the developmental series confirmed the differential 
expression between the NILs for two out of these (Figure 7B, Table S5). Similar to the gene 
expression profile of the higher expressed genes in qPV11 NILs, PICKLE and the gene encoding 
a RING/U box superfamily protein were shown to be differentially expressed independent of the 
temperature condition.
In order to identify differences in the sequence of proteins encoded by genes in the qPV11 
region, polymorphisms were identified between the contrasting NILs using the RNA-seq data 
described above. In total, 2066 of the identified 55687 polymorphisms were located in the qPV11 
region, whereof 245 were located in coding sequences (CDS), which is a strong enrichment 
compared to the rest of the genome (Table S6), as expected for an introgression. The 245 CDS 
polymorphisms resulted in 4 genes with a frameshifts, 1 with a missense mutation and 2 with 
a nonsense mutation (Table 2). None of the affected genes could be related to anther or pollen 
development, or to the physiological processes linked to qPV11 function.
Table 2: Polymorphisms in coding sequences of all genes in the qPV11 region. 
Mutation Solyc code Position 
(bp)
Polymorphism Functional description ITAG3.0
Frameshift Solyc11g010210 3280547 TTCTC/ TTC WEB family protein, chloroplastic
Solyc11g006200 950998 CAT/C Homeodomain-like transcriptional regulator
Solyc11g007750 1975842 GA/G Nef-associated 1 
Solyc11g011590 4649379 GA/G GRAM domain-containing protein / ABA-
responsive protein-related 
Missense Solyc11g010580 3652656 C/T S-adenosyl-L-methionine-dependent 
methyltransferases superfamily protein
Nonsense Solyc11g006940 1448490 A/AT Pentatricopeptide repeat superfamily protein
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Figure 7: Expression profile of qPV11 candidate genes during anther development. 
Gene expression profile from anthers containing tetrads (tet), early microspores (mi), polarised microspores 
(pol), binucleate (bi) and mature (mat) pollen. (A) Significantly higher expressed genes, and (B) lower expressed 
genes in early microspore stage (RNA-seq) in plants containing qPV11 (+qPV11) and without qPV11 (-qPV11) 
under control (CT, *) and long-term mild heat (LTMH, #) were determined by one-way ANOVA with LSD post-











































In order to get a better understanding of the vulnerability of developing pollen to heat-wave 
like, long-term mild heat (LTMH), this study utilised plants with an introgression of a major QTL 
detected in S. lycopersicum for pollen thermotolerance, located on chromosome 11 (qPV11, 
Xu et al., 2017a). The phenotype of the contrasting NILs confirmed the effect of qPV11, thus 
providing a model to study the physiological processes underlying pollen tolerance to LTMH.
Sugar starvation under LTMH
Reflected by the large numbers of mitochondria, developing anthers and pollen have an unusual 
high energy demand throughout their development (De Storme and Geelen, 2014; Lee and 
Warmke, 1979; Selinski and Scheibe, 2014). It has been reported that LTMH reduces starch and 
total soluble sugar content in developing tomato anthers and pollen and that thermotolerant 
genotypes are better in maintaining them than sensitive lines (Firon et al., 2006; Paupière, 2017; 
Pressman et al., 2002; Sato et al., 2006; Xu, 2016). Our data specifically suggest that carbohydrate 
metabolism and unloading in anther and pollen tissue are disturbed under LTMH. While hexose 
levels were reduced to some extent by LTMH in developing anthers of both Nagcarlang and 
Moneyberg, this was more obvious in the sensitive Moneyberg. Improved ability to maintain the 
hexose content, i.e. glucose and fructose, was also seen in microspore stage anthers of the NILs 
carrying the thermotolerant qPV11 introgression. Similar to what was found by Sato et al. (2006), 
this was not reflected in lower sucrose levels in either experiment, indicating it is not a problem 
of carbohydrate supply. Indeed, photosynthesis is thought not to be affected by the mild heat 
conditions studied here (Mathur et al., 2014; Sharkey and Schrader, 2006). Thus, we suggest 
that LTMH reduces the ability of anthers to cleave sucrose and that qPV11 makes the plant less 
sensitive in this respect.
Sucrose cleavage is catalysed by invertase and sucrose synthase. At transcriptomic and 
enzymatic levels, cell-wall invertase (CW-INV) and sucrose synthase were previously suggested to 
be less active in tomato anthers under LTMH (Pressman et al., 2006; Sato et al., 2006). We did not 
find a difference in expression levels from the RNA-seq analysis of these genes between the tolerant 
and sensitive NILs in tetrad-to-early microspore stage anthers. However, in a developmental series, 
a CW-INV, INV2, and a vacuolar invertase, LIN9, appeared to be higher expressed in binucleate 
pollen-stage anthers of the tolerant NIL. In addition, the expression pattern of another CW-INV, 
LIN5b, was significantly higher expressed in polarised microspore-stage anthers from NILs with 
qPV11, which might be linked to the higher hexose levels at this stage. 
As a second link to carbohydrates, transcriptomic analysis revealed higher expression of 
a sugar transporter protein (STP) encoding gene, SlSTP5, in the qPV11 NILs. STPs function as 
membrane-localised H+/hexose symporters and import glucose and fructose into sink tissues or 
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developmental and environmental cues (Doidy et al., 2012; Reuscher et al., 2014). Phylogenetic 
analysis of this monosaccharide transporter family, showed that SlSTP5 is related to two pollen 
specific plasma membrane-localised STPs from Arabidopsis thaliana, i.e. AtSTP6 and AtSTP2 
(Reuscher et al., 2014). In contrast to AtSTP6, which seems mainly active in later stages of 
pollen development (Scholz-Starke et al., 2003), AtSTP2 has been shown to be transcribed early 
in pollen development, during the transition from the pollen tetrad to individual microspores 
(Truernit et al., 1999). This suggest that symplastic uptake of monosaccharides during early 
tomato pollen development may limit pollen viability under LTMH. Moreover, SlSTP6 expression 
in anthers was shown to increase earlier, i.e. in polarised microspore anthers, in plants containing 
qPV11. SlSTP6 is a vacuolar-membrane localised STP. Interestingly, the loss of vacuoles in late 
microspores is accompanied by formation of starch granules (De Storme and Geelen, 2014; Xu, 
2016). This suggests that the vacuoles have a role in sugar storage and that this might be affected 
by qPV11. Based on its recessive inheritance, qPV11 seems to be active in a sporophytic tissue, 
such as the tapetum (Xu et al., 2017a), meaning that if its effect is mediated by INV or STP 
activity in the pollen itself, this would depend on interaction between the sporophyte and the 
developing pollen. Alternatively, these genes may mediate qPV11 activity by influencing tapetum 
development or functioning.
Taken together, the imbalance between the high energy demand and hexose availability 
in anther tissue and pollen might be a reason why especially these developing reproductive 
tissues are strongly affected by LTMH (Rieu et al., 2017). Pollen failure, caused by environmental 
stress like LTMH or mutations, is often characterised by reduced starch levels in the defective 
pollen (Datta et al., 2002; De Storme and Geelen, 2014). A major question in all these cases is, 
however, whether the observed carbohydrate deficiency represents the cause or result of pollen 
failure. It has been reported for tomato that the early microspore stage is most sensitive to LTMH, 
but that pollen failure becomes obvious only several days later, after pollen mitosis (Xu, 2016). 
Our study shows that glucose and fructose levels are low already before mitosis. Furthermore, 
carbohydrate-related genes are differentially expressed between the tolerant and sensitive NILs 
as early as the early microspore stage. This timing of events supports the notion that low hexose 
levels are part of the problem leading to pollen death; investigating the effect of modification of 
the carbohydrate phenotype is necessary to show a causal link.
Hormones are not related to thermotolerance in qPV11 NILs
Regulation of energy metabolism is closely linked to activity of hormones, including gibberellins 
(GA) and abscisic acid (ABA), for example via the regulation of invertases, also in developing 
pollen (De Storme and Geelen, 2014). Other hormones, such as auxin (IAA) and jasmonic acid 
(JA) have been shown to be important in the development of anthers and pollen, too (De Storme 
and Geelen, 2014; Parish and Li, 2010; Proels et al., 2006). Although the effects of abiotic stresses 










































et al., 2012; Sakata et al., 2010; Singh and Shono, 2005; Tang et al., 2008), we did not detect 
any significant differences in the levels of IAA, GAs, ABA, JA and salicylic acid in anthers at the 
sensitive, tetrad stage between the contracting NILs. This suggests thermotolerance provided 
by qPV11 does not depend on hormone levels. However, we cannot exclude a putative role of 
hormones at later developmental stages, leading up to pollen failure after mitosis.
Higher and lower heat and ROS responses in the thermotolerant plants
A number of other types of genes were found to be differentially expressed between the 
thermotolerant and -sensitive NILs, all of which could in principle be related to improved 
thermotolerance level. Although LTMH differentially affects pollen and anther development, 
the list did not include the major genes known to regulate these processes (Bokszczanin et al., 
2013; Gómez et al., 2015). A number of the differentially expressed genes are known from other 
studies to be heat responsive in tomato anthers. However, the relation between the direction 
of change found between the NILs and the previously described heat effect was inconsistent. 
Several known heat-induced genes were expressed higher in the tolerant NIL, two of which 
more than two fold, and several genes known to be heat-repressed were expressed somewhat 
lower in the tolerant line. These genes could thus be hypothesised as causative to the tolerance 
phenotype. However, also the opposite pattern was seen, with several genes known to be heat-
inducible being expressed lower in the tolerant line, and some heat-repressed genes higher in the 
tolerant line. Instead of being a reason for higher tolerance, this regulation might reflect lower 
experienced heat-stress levels due to presence of qPV11. Following the same line of reasoning, 
the lower expression in the qPV11 NIL of three ROS-inducible genes, could mean that there is 
less oxidative stress in the more tolerant anthers. Indeed, preventing oxidative damage has been 
shown before to improve pollen thermotolerance (Müller and Rieu, 2016).
Candidate genes underlying qPV11
Phenotypic differences between closely related species or genotypes are often due to differences 
in the level or pattern of expression of genes. Transcriptome analysis in this study showed only a 
few genes to be differentially expressed, of which five were expressed more than two-fold higher 
in the thermotolerant qPV11 NIL and three more than two-fold lower. Several of these can be 
related to anther or pollen development, as is the case with several of the genes that have a 
polymorphism in their coding region between the sensitive and tolerant allele of qPV11.
To facilitate changes in cellular protein content required to ensure developmental plasticity 
and environmental adaptations, plants utilise the ubiquitin-proteasome system (Stone and Callis, 
2007; Vierstra, 2009). A central component of the ubiquitination pathway is represented by E3 
ubiquitin ligases, which label their target proteins for degradation (Lyzenga and Stone, 2012; Yee 
and Goring, 2009). The Arabidopsis genome is predicted to encode for 64 U-box-type and over 
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proteins, components of multi-protein-type ubiquitin ligases, have been predicted in Arabidopsis 
(Lechner et al., 2006). This diversity explains how plants are able to control the stability of hundreds 
of substrates involved in a plethora of biological processes. The importance of this system in plant 
thermotolerance is indicated by a major QTL for thermotolerance in African rice, encoded a α2 
subunit of the 26S proteasome, involved in the degradation of ubiquitinated proteins (Li et al., 
2015). This gene was shown to protect cells from heat stress by more efficient elimination of 
cytotoxic denatured proteins. Furthermore, a RING-type ubiquitin ligase in rice (OsHCI1) and 
an F-box protein in Arabidopsis (ZTL) have been shown to be involved in seedling survival upon 
heat shock (Gil et al., 2017; Lim et al., 2013). Two genes with higher expression from qPV11 are 
involved in this system, i.e. a RING/U-box protein and F-box protein PP2. Interestingly, the latter is 
heat-inducible, suggesting a role in acclimation (Fragkostefanakis et al., 2016; Li, 2015).
The same is true for a Dicer-like 2 (DCL2) protein. The DCL family in tomato consists of 7 
members, distributed over five chromosomes, of which three, SlDCL2b, SlDCL2c and SlDCL2d, 
are tomato-specific duplications located next to each other on chromosome 11 (Bai et al., 2012). 
DCL2 is involved in the generation of endogenous small interfering RNA’s, including phased small 
interfering RNAs (phasiRNAs) (Borges and Martienssen, 2015; He et al., 2012). These phasiRNAs 
are subsequently loaded to Argonaut (AGO) proteins to fulfil their roles downstream (Borges and 
Martienssen, 2015). Because these phasiRNAs do not have an evident target in the genome, 
their function in plants is currently unknown. Nevertheless, several phasiRNAs and AGOs were 
shown to be co-ordinately expressed in throughout gametogenesis in maize and rice pollen and 
tapetum tissue (Komiya et al., 2014; Li et al., 2017; Zhai et al., 2015). Moreover, in male sterile 
ago mutants abnormal tapetum and aberrant pollen mother cells that arrest early in meiosis 
were observed (Fei et al., 2016; Komiya et al., 2014). In maize, several male sterile mutants lack 
phasiRNAs (Zhai et al., 2015), suggesting a role of phasiRNAs in male fertility. Moreover, the 
SlDCL2 has been shown to be heat responsive (Li, 2015). Thus, upregulation of SlDCL2c in the 
qPV11 NIL putatively enhances the level of certain phasiRNAs, leading to more thermotolerant 
male gametogenesis.
Gene expression is controlled by alterations in chromatin occupancy affecting the ability of 
the transcription machinery to accesses the transcriptional start site. PKL promotes tri-methylation 
of histone H3 at K27 (H3K27me3), as a repressive epigenetic mark (Eshed et al., 1999; Ogas et 
al., 1999) and has been shown to play a role in plant growth and development, including embryo, 
root and meristematic leaf and carpel tissue development (Aichinger et al., 2011; Eshed et al., 
1999; Fukaki et al., 2006; Ogas et al., 1999). pkl knockout mutants are less sensitive to warm 
temperature regarding induction of hypocotyl growth in Arabidopsis, via regulation of IAA19 and 
IAA29 (Zha et al., 2017). Whether the lower PKL expression in the qPV11 NILs could translate into 
pollen thermotolerance remains to be tested.
Taken together, combining our transcriptome analysis with literature provides several 










































reverse genetic approach, via targeted mutagenesis or cloning of the genes into thermosensitive 
lines. However, it is still possible that the gene underlying qPV11 has not been associated with 
pollen development or thermotolerance before. Thus, it might be worthwhile to first extend the 
forward genetic mapping of qPV11 to narrow the genetic region on chromosome 11 controlling 
pollen thermotolerance.
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solcap_snp_sl_15634 11 719367 G
CATCATCCTTCTCCACGGATTTCCTGAAGAGCAATGCATCTCTTACTTTT[A/G]
GACCCGGAATCAACTTCTTAAAAATCTTATTTTCCTCAGGCGACGATATC
solcap_snp_sl_21767 11 3158756 G
ACTAACTACCTTCAAAGAACAAATACTCTGTGCAGGTGTGCTCATGAATC[A/G]
GCACCGAGAGATTGCAAGAACCAAGTGACAAATAAATGCAATGAAGTTAG
solcap_snp_sl_21005 11 3872475 A
CCTGGTGCTGGCAATGCTTTTACCTTCTCTAAAATAGTGATCAAGTCTTC[A/G]
ATATTGTGTCCGTCTACTGGACCGATGTAATATAATCCTAGCTCCTCAAA
solcap_snp_sl_21096 11 4476274 C
AGTTTGTCACGTCGTGGTCAGAGATGGATTTAAAATTTTACTTTGATGTA[A/C]
TTAAAGGTTTCTATCGTTGAATTTATTGTATCTTTAAACTTGCGAGTTTG
solcap_snp_sl_9486 11 4941927 T
GTAAGATATTTACAGACTGCTCAAGCTTTATAACCCATTTCTCTAGACCG[T/C]
TAGAGGATGAATCATCTGGTGGCTTCCCATTACTTCCCCCTCCCACGTTA
solcap_snp_sl_24970 11 6544787 C
GTTGGCAGCCACTAGGAGCACACAGGAAATGAAGGTGGCTGATCAGTCTT[T/C]
CAATTCTTCTCATTCCCAAAATGGCCCTCCAAGAAAGAAAGTTTTTGTGG
Table S2: Overview qPV11.
        LOD2
SNP marker Chr. Position1 (cM) Position 
ITAG3.0 (bp)
Xu et al. 2017 Fine-mapping 
solcap_snp_sl_36173 11 2.4 502397 9.52 9.53
solcap_snp_sl_15634 11 3.8 719368 NA 11.33
solcap_snp_sl_36066 11 14.3 2527979 15.15 15.15
solcap_snp_sl_21767 11 20.1 3158756 NA 18.81
solcap_snp_sl_20992 11 24.7 3776851 NA 21.88
solcap_snp_sl_21005 11 25.0 3872475 NA 23.03
solcap_snp_sl_21011 11 25.5 3977613 NA 22.33
solcap_snp_sl_21022 11 27.3 4108337 NA 20.20
solcap_snp_sl_21096 11 33.0 4476274 NA 14.28
solcap_snp_sl_62675 11 33.3 4484332 NA 14.17
solcap_snp_sl_21127 11 33.8 4612990 NA 13.90
solcap_snp_sl_9441 11 35.0 4775465 NA 13.38
solcap_snp_sl_9486 11 36.7 4941927 NA 11.67
solcap_snp_sl_24970 11 43.9 6544787 NA 5.26
1Genetic position as determined by Xu et al. 2017.
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ITAG3.0 (bp)
Xu et al. 2017 Fine-mapping 
solcap_snp_sl_36173 11 2.4 502397 9.52 9.53
solcap_snp_sl_15634 11 3.8 719368 NA 11.33
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solcap_snp_sl_21767 11 20.1 3158756 NA 18.81
solcap_snp_sl_20992 11 24.7 3776851 NA 21.88
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Table S4: Three-way ANOVA between NILs expression levels of carbohydrate related genes through 
anther development.
Trait SlSTP5 SlSTP6 LIN9 LIN5 INV2 SUSd
genotype 0.909 0.359 0.678 0.115 0.815 0.006
treatment 0.358 0.338 0.004 0.816 0.982 0.046
developmental stage <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
genotype * treatment 0.251 0.679 0.505 0.226 0.792 0.252
genotype * developmental stage <0.001 0.001 <0.001 0.002 <0.001 0.998
treatment * developmental stage 0.610 0.347 0.088 0.221 0.013 0.751
genotype * treatment * developmental stage 0.851 0.632 0.489 0.665 0.734 0.829

































































































































































































































































































































































































































































































































































































Table S6: Polymorphisms between NILs with and without qPV11.
Chr # PM in CDS1 Mbp CDS # PM per Mbp CDS2
1 376 4.59 82
2 357 3.83 93
3 332 3.71 89
4 414 3.09 134
5 217 2.50 87
6 261 3.02 86
7 272 2.71 100
8 194 2.65 73
9 258 2.62 98
10 206 2.41 85
11 663 2.45 271
12 201 2.42 83
qPV11 245 0.80 304
1Number of polymorphisms located in coding sequence (CDS). 
2Average number of polymorphisms per million base pairs CDS.
Figure S1: Validation of RNA-seq analysis for differential gene expression. 
Pearson correlation analysis (r) between log2 values of gene expression fold change of contrasting NILs as 
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Exposure of tomato plants to heat-wave like high temperature profiles during flowering affects 
several reproductive traits, including the number of pollen per flower (PN), pollen viability (PV) 
and style protrusion (SP). To better understand the mechanism by which long-term mild heat 
(LTMH) decreases reproductive success in tomato the contribution of these traits toward fruit 
set (FS) and seed set (SS) was modelled using data from three experiments. We found that PV 
significantly influenced FS and SS in all germplasm sets. SP was less important, especially in the 
set of tomato cultivars, in which SP was relatively small, irrespective of temperature. PN hardly 
affected FS and SS, suggesting it remained at saturating levels. Furthermore, we show that in the 
tested tomato cultivars, the number of pollen shed was proportional to total pollen number, and 
that pollen were shed in an in-discriminatory way regarding viability. Counteracting the effect 
of reduced SS of flowers developed and pollinated under LTMH, we noticed an independent, 
positive effect of high temperature on fruit weight. Taken together, PV seems to be the major 












































In most crop species fruits and seeds are the parts of the plant that are harvested and serve as 
food and feed. Formation of fruits and seeds depends on correct development and functioning of 
the gametes (i.e. sperm and egg cell) and the vegetative floral structure; structures that support 
reproduction. Reproductive success of flowering plants is largely impacted by abiotic stresses, 
such as high temperatures and drought. In tomato (Solanum lycopersicum), for example, long-
term mild heat (LTMH) leads to flower abortion and can cause yield losses up to 70% (Harel et al., 
2014; Saeed et al., 2007; Sato et al., 2004). When tomato plants are exposed to LTMH, multiple 
reproductive developmental processes are hampered, resulting in flowers with reduced fertility. 
This has often been attributed to a reduced number, shedding or viability of pollen (Dane et al., 
1991; Firon et al., 2006; Kinet and Peet, 1997; Levy et al., 1978; Peet et al., 1998; Pressman, 
2002; Pressman et al., 2006; Sato et al., 2000, 2006; Xu et al., 2017b). Additionally, pollen 
transfer depends on the adjacency of the stigma and the anther cone (Fernandez-Muñoz and 
Cuartero, 1991). Under LTMH, style length is increased, which may hamper pollination because 
pollen may not be able to reach the stigma (Charles and Harris, 1972; Dane et al., 1991; Rick 
and Dempsey, 1969; Rudich et al., 1977; Saeed et al., 2007; Xu et al., 2017b). In contrast to the 
negative effect on male fertility, female fertility of tomato is thought to be less sensitive to high 
temperature (Kinet and Peet, 1997; Peet et al., 1998). 
Several studies have found relations between specific reproductive traits and fruit or seed 
set under high temperature in S. lycopersicum cultivars (Abdul-Baki, 1991; Akhtar et al., 2012; 
Bhattarai et al., 2016; Dane et al., 1991; Levy et al., 1978; Rick and Dempsey, 1969; Rudich et al., 
1977; Saeed et al., 2007; Sato et al., 2000; Xu et al., 2017b). However, little is known about the 
relative importance of the various traits. Thus, in order to acquire a better understanding on the 
mechanism by which high temperature decreases reproductive success in tomato, we modelled 
the relative effect of various traits on fruit set and seed set under LTMH using different genotypes. 
Given the physiological link between seed development and fruit growth, we assessed the effect 
of LTMH on the relation between seed number and fruit weight.
Materials and methods
Plant material 
Three different data sets were used to generate effect models: (i) from an intraspecific F2 
population deriving from a cross between two S. pimpinellifolium lines, (ii) from an interspecific 
F2 population deriving from a cross between S. lycopersicum x S. pimpinellifolium, and (iii) from a 
set of tomato cultivars. Individuals from F2 populations (n=240 and 74, respectively) derived from 










































S. pimpinellifolium LA1630. Plants were moved to standard greenhouse conditions, after a three 
week exposure to long-term mild heat in climate chambers (LTMH, 32-33/26-27°C day/night; 
see Chapter 3). Of each plant, 5-7 flowers were manually self-pollinated by vibration between 
10 a.m. and noon. In a separate experiment, seedlings (n=50) of 15 S. lycopersicum lines (Bayer 
Vegetable Seeds) were cultivated under standard greenhouse conditions. When the transition 
from the vegetative to the generative phase occurred, flower buds were removed and the plants 
were transferred to a climate chamber maintaining a 14/10 h day/night photoperiod (~300 µmol 
s-1 m-2 at plant height; Philips D-Papillon daylight spectrum 340W lamps) and humidity of 70-80% 
at either control temperature of 25/19°C (CT), or long-term mild heat of 32/26°C (LTMH) for at 
least 14 days, to allow for complete flower development under these conditions. While being 
exposed to either condition, 5 flowers per plant per treatment were manually self-pollinated 
by vibration between 10 a.m. and noon, and transferred to standard greenhouse conditions 48 
hours after pollination. To prevent cross pollinations, all manually selfed flowers were covered by 
a see-through, breathable bag for one week after pollination.
Plant phenotyping
For each F2 plant, the number of pollen per flower (PN), pollen viability (%; PV) and style 
protrusion (mm; SP) was recorded while grown in the climate chamber under LTMH (Chapter 3). 
For each S. lycopersicum plant, anthers were vibrated in order to analyse the quality and quantity 
of pollen released at anthesis. Pollen that were released were collected in an Eppendorf tube, 
while the pollen remaining in the anther were collected by vortexing 4 equal transverse sections 
of the anthers in AmphaFluid (AF4) buffer (Amphasys AG, Lucerne, Switzerland). In order to 
verify this vibrating method with the anther transversal sections method used in both F2 mapping 
population (Chapter 3), additional anthers (not vibrated) of the same plants, were also cut in 4 
equal transverse sections. All pollen samples were analysed using impedance flow cytometry 
(AMPHA Z30, hereafter referred to as “Amphasys”; Amphasys AG; Heidmann et al., 2016). After 
addition of 1 mL AF4 and filtering (50 µm filter), 500 µL of the pollen suspension was analysed 
at 12 MHz to determine PN and PV, using the following settings: Level=0.04, Modulation=4, 
Amplification=6, Demodulation=2, Pump=60 rpm. For all flowers analysed, SP was determined 
as the distance between the style and anther length. The fruit number produced and seeds 
number within a fruit were recorded for each pollinated flower; the presence of a fruit with at 













































Statistical analyses were performed in R version 3.2.5. (R core team) using log transformed 
data [value’=10log(value+1)], except for PV, to which a logit transformation was applied 
[value’=LN((value+1)/(101-value))]. After transformation, all independent variables, i.e. 
PN, PV and SP were standardised (mean 0, standard deviation 1) before analysis. FS and SS 
were normalised (divided by the mean of each population, i.e. S. pimpinellifolium LA1670 x 
S. pimpinellifolium LA1630, S. lycopersicum x S. pimpinellifolium LA1630 or S. lycopersicum). 
To assess the contribution of reproductive variables toward FS and SS, a linear mixed-effects 
model was composed using lmer of the lme4 package (Bates et al., 2014). In both models, 
“population” and “cultivar” (i.e. 15 S. lycopersicum cultivars, nested within “population”) were 
set as random factors and PN, PV and SP were used as fixed factors. In addition, separate models 
were developed per population. For the S. lycopersicum cultivar model, a linear mixed-effects 
model was composed by lmer. Linear regression models were composed for the F2 populations 
using lm of the same R package. Significance of each independent variable was assessed by Type 
II Wald chi-square tests. Conditional R2 values for mixed-effects models, including both fixed and 
random effects, were calculated using r.squaredGLMM of the MuMIn package (Nakagawa and 
Schielzeth, 2013), adjusted R2 values in the linear models were obtained by lmer.
To assess pollen shedding under LTMH, Pearson correlation analysis and logarithmic linear 
regression analysis was performed between the number of pollen shed (PNs) and total number of 
pollen (PNtotal). In addition, linear regression analysis was performed between the pollen viability 
of shed (PVs) as dependent variable and unshed pollen (PVu) as independent variable, and pollen 
viability of shed plus unshed pollen (PVsu) as dependent variable and percentage of pollen shed 
as independent variable. To assess whether the slope of these regressions deviated from 1, linear 
regression analysis was performed between the dependent variable and the difference between 
the continuous variable and the dependent variable. Differences between CT and LTMH in S. 
lycopersicum cultivars were assessed by a paired Student’s t-test. To assess the effect of the 
temperature treatment on SS and FW, an ANCOVA analysis was performed on all S. lycopersicum 
cultivars. To test whether the different methods to assess PN and PV used in this study were 
comparable, a Pearson correlation analysis and linear regression analysis were performed 
between the “cutting” method used in the F2 populations, and the “vibrating” method used in S. 
lycopersicum cultivars. Deviation of the slope from 1 was assessed by linear regression analysis as 
described before. This analysis confirmed that both methods give similar results and can therefore 











































Effect of pollen viability and style protrusion on fruit and seed set in general model
To generate effect models, three different data sets were used, i.e. from S. lycopersicum, S. 
pimpinellifolium and crosses between them. The contribution of each reproductive sub-trait, i.e. 
number of pollen per flower (PN), pollen viability (PV) and style protrusion (SP), toward seeded 
fruit set (FS) and seed set (SS) in LTMH conditions were analysed using linear mixed-effects models 
(Figure 1). These models revealed a significant positive influence of PV and significant negative 
influence of SP on FS and SS. PN only had a small, positive effect on SS.
Because of the population-specific differences in phenotypes (Table S1), we investigated 
whether the different populations were characterised by different relationships among 
reproductive traits. Although power of the model was reduced due to lower amounts of data, 
the results were largely similar. As in the general model, PV had a significant effect on FS and SS 
in both F2 populations and in the S. lycopersicum cultivars (Table 1). SP had a significant, negative 
effect on FS in the interspecific population only. For SS, the negative effect of SP was marginally 
significant in the interspecific population, and significant in the intraspecific S. pimpinellifolium 
F2 population (Table 1). Taken together, these data indicate that PV and SP (and to a lesser extent 
PN), influences FS and SS under LTMH. 
Figure 1: Linear mixed-effects models for tomato fruit and seed set under long-term mild heat.  
Effects of the number of pollen per flower (PN), pollen viability (PV) and style protrusion (SP) on fruit (FS) and 
seed set (SS). n=373 and 351 for FS and SS, respectively. Values indicate the effect estimates for each fixed 
factor. Blue and red arrows represent positive and negative effects, respectively. Weight of arrows represents 
the significance levels (thin, P<0.05; medium, P<0.01; bold, P<0.001), assessed by Type II Wald chi-square 
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Pollen shedding under LTMH
As only the released pollen may participate in fertilisation, we assessed pollen shedding in the S. 
lycopersicum plants. We found a linear relationship between the PV of shed (PVs) and unshed pollen 
(PVu) with a slope close to 1, indicating that the flowers shed their pollen in an indiscriminate way 
(Figure 2A). Furthermore, the number of pollen that was shed was proportional to PN at higher 
PN (50-60%), but was less efficient at low PN (Figure 2B), suggesting that a certain amount of 
pollen always remains in the locule upon anther dehiscence. Interestingly, efficiency of shedding 
pollen correlated linearly to the viability of the produced pollen (Figure 2C).
Figure 2: Pollen shedding in S. lycopersicum plants. 
The relation was determined between (A) pollen viability of unshed (PVu) and shed pollen (PVs); (B) the total 
number of pollen per flower (PN) and percentage of shed pollen (logarithmic formula: y=16.04ln(x)-102.62) 
and (C) pollen viability of shed plus unshed (PVsu) pollen and percentage of pollen shed. The Pearson’s 
correlation coefficient (r) is given in each graph. Grey margin represents the standard error. Significance level 
(two-tailed): ***, P<0.001. 
Seed set and fruit weight of flowers pollinated under LTMH
Given the reported tight relation between seed development and fruit growth (Bertin et al., 1998; 
Charles and Harris, 1972; Verkerk, 1957), we determined the effect of SS on fruit weight (FW) in 
S. lycopersicum plants pollinated under control (CT) or LTMH. In both cases, plants were kept at 
CT for subsequent fruit growth. ANCOVA showed a significant main effect of the temperature 
treatment on FW: flowers exposed to LTMH had a higher FW than flowers exposed to CT (Figure 
3). As expected, SS also had a significant positive effect on FW and the effect was similar in both 
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Figure 3: Fruit weight and seed set of flowers developed under control and long-term mild heat 
conditions. 
The significance level of main effects from the ANCOVA of temperature, seed set and their interaction is 
indicated. Significance level (two-tailed): **, P<0.01 and n.s., not significant. Grey margin represents the 
standard error. CT, control condition, LTMH, long-term mild heat.
Discussion
Pollen viability is the major determinant of fruit and seed set under LTMH
For many crops, including tomatoes, fruit set, fruit quality and seed production are the most used 
criteria for evaluating performance under high temperature (Karapanos et al., 2008). However, 
fruit and seed set are complex traits, i.e. they represent the sum of multiple distinct sub-traits, and 
long-term mild heat (LTMH) has been argued to affect several of them (Firon et al., 2006; Levy et 
al., 1978; Peet et al., 1998; Pressman, 2002; Sato et al., 2000, 2006; Xu et al., 2017b). Studies 
in S. lycopersicum have reported a positive relation between pollen viability (PV) and fruit set (FS) 
under LTMH (Akhtar et al., 2012; Dane et al., 1991; Firon et al., 2006; Levy et al., 1978; Xu et al., 
2017b) and this also applies to other plant species, including bean, cowpea, groundnut, pepper 
and monocots such as barley and rice (Ahmed et al., 1992; Erickson and Markhart, 2002; Sakata 
et al., 2000; Suzuki et al., 2001; Prasad et al., 1999). Our study clearly confirms this relationship 
in genotypes of S. lycopersicum, S. pimpinellifolium and crosses between them.
Commonly, large numbers of male gametophytes are produced in plants, of which only a 
small proportion achieves fertilisation (Hormaza and Herrero, 1996). Indeed, the number of pollen 
(PN) deposited on the stigma usually highly exceeds the number of ovules available for fertilisation 
(Hormaza and Herrero, 1996). Under LTMH, PN can be significantly reduced, depending on the 










































not have a large influence on FS and seed set (SS), in accordance with results from Xu et al. 
(2017). This suggests that pollination is still saturated at the PN values we found under LTMH. 
It is, however, possible that PN is limiting for FS and SS in genotypes or stress conditions that 
result in fewer pollen than in our experiments. Alternatively, the efficiency of shedding pollen 
may vary between genotypes, making the number of shed pollen a better parameter to predict 
fertility. Indeed, Sato et al. (2000) found that the number of shed pollen had an even stronger 
effect on the FS than pollen viability. Thus the number of shed pollen could be an interesting trait 
to incorporate into a fruit/seed set model; due to limited amount of data available this was not 
possible in the current study.
During tomato domestication, efficient self-pollination has been an important selection 
target, resulting in depressed stigmas in modern cultivars (Rick, 1976). When the stigma protrudes 
out of the anther cone, it can physically prevent the flower from self-pollination, as pollen cannot 
reach the stigma (Chen and Tanksley, 2004; Rick and Dempsey, 1969). Indeed, style protrusion 
(SP) of >1 mm leads to a lower fruit set (Levy et al., 1978). SP commonly increases when plants 
are exposed to high temperature (Chapter 2). In accordance, the general fruit set model in this 
study revealed a significant negative influence of SP on FS and SS. However, there was a clear 
difference between the types of plants analysed, as no effect of SP on FS and SS was found for 
the S. lycopersicum cultivars; the small increase of SP in these plants under LTMH most likely did 
not hamper pollination.
Taken together, PV seems to be the most important determinant of plant fertility and thus 
yield, followed by SP and PN. Of course, results of correlation modelling, as applied here, largely 
depend on the absolute values and variation of the variables analysed, and thus on the tested 
material. In the three very different sets of genotypes tested here, only PV consistently appeared to 
affect fertility. Larger effects of SP and PN might be found with different genotypes or conditions. 
The moderate explanatory power of the models made with our data suggests that other factors, 
such as female fertility may be affected by heat as well and could further complement the yield 
model.
Flowers developed under LTMH give rise to larger fruits
The development from ovary to fruit is usually triggered by the presence of fertilised ovules 
(Gillaspy et al., 1993; Nitsch, 1970; Ruan et al., 2012; Vriezen et al., 2008; Wang et al., 2009). 
This has been argued to happen in a quantitative fashion, as an increased seed number results in 
a larger fruit (Bertin et al., 1998; Charles and Harris, 1972; Verkerk, 1957). LTMH severely reduces 
seed set in tomato (Abdul-Baki, 1991; Firon et al., 2006; Peet et al., 1998) which is accompanied 
by a decrease in fruit weight (FW) (Abdul-Baki, 1991; Din et al., 2015). Also in our study, exposure 
to LTMH decreased SS in tomato plants and concomitantly reduced FW. However, independent of 
SS, the LTMH treatment resulted in a significantly higher FW. In previous studies, fruit growth was 
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LTMH after pollination and fertilisation (Abdul-Baki, 1991; Din et al., 2015; Fanwoua et al., 2012; 
Gautier et al., 2005; Peet et al., 1998). In the current study, flower development and fertilisation 
occurred under LTMH, but plants were released from LTMH already 48h after pollination. Final 
fruit size is determined by cell number, as present in the ovary and upon further cell division in 
the first two weeks after pollination, followed by cell expansion during the last 6-7 weeks of 
development (de Jong et al., 2009; Fanwoua et al., 2012; Ruan et al., 2012). We thus hypothesise 
that the number of cells in the ovary increases when flowers develop under LTMH compared to 
CT. This would fit with the observation that length of the pistil increased under LTMH (Xu et al., 
2017a). Taken together, we showed the independent, positive effect of high temperature during 
flower development on fruit weight, counteracting the negative effect of LTMH on SS.
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Figure S1: Verification of methods for analysing pollen quality. 
(A) The number of pollen per flower (PN), and (B) pollen viability (PV) of combining shed and unshed 
pollen (PNsu and PVsu) or cutting anthers (PNcut and PVcut) in S. lycopersicum plants. The Pearson’s correlation 


























































































Understanding the molecular mechanisms behind the influence of the genome and the 
environment on an organism’s phenotype is one of the central goals in biology. In plant biology 
specifically, this has become crucial to obtain crops adapted to changing weather conditions 
(Ogura and Busch, 2016). As part of the current global climate change, ambient temperatures 
are rising at a considerable rate and heat waves become more severe and occur more frequently. 
In many crop plants, including both monocots and dicots, elevated temperatures lead to reduced 
yield, which is alarming considering global food security (Angadi et al., 2000; Barnabás et al., 
2008; Clarke and Siddique, 2004; Gan et al., 2004; Gourdji et al., 2013; Hedhly et al., 2004, 
2009; Jha et al., 2014; Marcelis et al., 2004; Prasad et al., 2015; Sato et al., 2002). 
I. Which reproductive traits are required in a heat tolerant tomato? 
In case of tomato, elevated temperatures may lead to decreased yield, due to a decline in fruit set 
and fruit weight. The main reason for both effects is low reproductive success: without successful 
fertilisation, flowers either abort or produce small parthenocarpic fruits and even with partial 
fertilisation and low seed numbers, fruit growth is still reduced (Abdul-Baki and Stommel, 1995; 
Adams et al., 2001; Bertin et al., 1998; Charles and Harris, 1972; Peet et al., 1998; Sato et al., 
2004; Verkerk, 1957). But what determines whether a plant will be able to reproduce or not under 
heat-wave like long-term mild heat (LTMH)? There is variation in reproductive thermotolerance 
between tomato genotypes, but genetic analysis of this phenotype has not been successful and 
no clearly associated markers could be identified (Grilli et al., 2007; Lin et al., 2010). The reason 
for this seems to be that reproductive success and yield are complex traits that depend on the 
sum of multiple distinct sub-traits (Chapter 5, Firon et al., 2006; Levy et al., 1978; Peet et al., 
1998; Pressman, 2002; Sato et al., 2000, 2006; Xu et al., 2017b). 
Female fertility of tomato plants is thought to be less sensitive to high temperature (Kinet 
and Peet, 1997; Peet et al., 1998), which is why many studies, including the one presented in 
this thesis, have focused on the male side of reproduction (Li, 2015; Peet et al., 1998; Pressman 
et al., 2007; Sato et al., 2002; Xu, 2016). The model presented in Chapter 5 confirms pollen 
viability (PV) to be a major determinant of yield under LTMH. The importance of male fertility 
to reproductive success under elevated temperatures may apply to a broad variety of plant 
species, although except for those on tomato, studies are only correlative and mostly based on 
a limited number of observations (Ahmed et al., 1992; Erickson and Markhart, 2002; Harsant 
et al., 2013; Sakata et al., 2000; Suzuki et al., 2001; Prasad et al., 1999). Commonly, large 
numbers of male gametophytes are produced in plants, highly exceeding the number of ovules 
available for fertilisation. This might suggest a trade-off between quality/robustness and quantity 
of pollen (Hormaza and Herrero, 1996). The fact that the development of pollen within a single 










































microspores are always competing for nutrients (García et al., 2017). However, in contrast to this 
hypothesis, no relation between PV and the number of pollen per flower was found in our studies 
(Chapter 2 and Chapter 3). 
The number of pollen might also be expected to contribute to male fertility. Even though this 
parameter was reduced by LTMH, our study showed that it did not become limiting for seed set 
in most cases (Chapter 5). 
In addition to production of sufficient living pollen, pollen transfer from the anther to the 
adjacent stigma is of significant importance. Firstly, the pollen need to be released from the 
anther at maturity. The efficiency of shedding pollen may vary between genotypes and was 
reduced especially at low PN (Chapter 5). Secondly, the pollen need to reach the stigma on top of 
the pistil. This can be hampered by an increased style under LTMH, leading to a protruded stigma 
(Chapter 5, Levy et al., 1978; Xu et al., 2017a). The mechanisms involved in the increased style 
length (SL) by elevated temperatures seem to differ from those that explain variation in SL under 
optimal conditions. Under the latter condition, the variation in style elongation is determined by 
cell elongation. The short-style allele of a quantitative trait locus (QTL) found for SL in tomato 
results in less cell elongation in the distal region of the style compared to long-style genotypes 
(Chen et al., 2007). Novel QTLs for SL under LTMH were found (Chapter 3), indicating that 
different genes and/or mechanisms, such as cell division, are responsible for variation in SL under 
LTMH. This hypothesis fits to the idea that LTMH increases fruit growth per sé by increasing cell 
division of the ovary, the bottom part of the pistil, prior to fertilisation (Chapter 5). It also implies 
that having a short style under control conditions does not necessarily mean that a genotype 
would have little style protrusion under LTMH. Thus SL under these two conditions should be 
considered as separate traits. 
Taken together, we hypothesise that combining optimal variants of all these traits will lead to 
significantly higher tolerance of reproduction to LTMH.
II. Novel resources for reproductive thermotolerance
Improving our understanding of reproductive heat tolerance and generation of tools for 
application requires the availability of variation for the relevant traits. Many traits are passed on 
from one generation to the next, which is a phenomenon that humans have utilised for more 
than 10.000 years in domestication and selective breeding (Fuller, 2007). Much of the genetic 
variation arose spontaneously via mutations, which were widely introduced if they added value 
(Bai and Lindhout, 2007; Bergougnoux, 2014). Optimising the genetic background of cultivars 
via conventional breeding using domesticated germplasm has improved yields of many crops over 
the past centuries (Borlaug and Dowswell, 2005; Collins et al., 2008). However, as a side-effect, 











































germplasm only, sooner or later, a ceiling of the potential of breeding will be reached (Bai and 
Lindhout, 2007; Tanksley and McCouch, 1997). One way to find novel traits is to look in non-
improved or less-improved gene pools (McCouch et al., 2013). Being sessile organisms, plants 
cannot escape from a stressful environment and thus, should be able to cope with these stresses in 
order to survive. As a result of natural selection, complex molecular, biochemical and physiological 
networks have evolved that help plants to re-establish homeostasis and prevent damage upon 
exposure to adverse conditions (Mickelbart et al., 2015; Wahid et al., 2007). Variation in stress 
pressure between habitats may result in local adaptation to abiotic stresses and thus generates 
genetic diversity among natural populations. This variation is present in wild germplasm, and to a 
lesser extent in older cultivars, still. Such diverse germplasm has been successfully incorporated in 
crop breeding programs aiming to increase crop yield under abiotic stress (Gur and Zamir, 2004; 
Labate and Robertson, 2012; McCouch et al., 2013). Following genetic analysis, marker-assisted 
breeding has been able to improve performance of crops under stresses such as salt, drought or 
flooding (Foolad et al., 2007; Lavania et al., 2015). 
In natural populations of Arabidopsis thaliana, Chenopodium album and rice, 
thermotolerance has been linked to temperature parameters at the site of origin (Barua et al., 
2008; Li et al., 2015; Zhang et al., 2015). Similarly, an increase in reproductive heat tolerance in 
terms of pollen viability, was suggested in wild tomato accessions deriving from lower elevations 
and higher annual temperatures (Chapter 2). Also for other yield sub-traits variability was 
found among wild tomato genotypes (Chapter 2). In line with Paupière et al. (2017), Solanum 
pimpinellifolium was found to be a valuable novel resource for thermotolerance traits to enrich 
the cultivated germplasm, as several individuals deriving from an S. pimpinellifolium accession 
outperformed the best performing tomato cultivar with respect to PV (Chapter 2). QTL analysis of 
S. pimpinellifolium yield sub-traits in two mapping populations revealed several beneficial genetic 
regions (Chapter 3), many of which were mapped to different locations than in a previous S. 
lycopersicum population (Xu et al., 2017a). This indicates that multiple molecular mechanisms for 
thermotolerance exist in tomato and its wild relatives. 
To what extend the novel variation from S. pimpinellifolium can really act as resources 
for thermotolerance of tomato remains to be seen. Both, for investigation of fundamental 
mechanisms of tolerance and for application in breeding, the traits would need to be stable in 
other genetic backgrounds. However, the phenotypic improvement from the PV QTLs seemed to 
depend on the genetic backgrounds tested (Chapter 3). A reason for this might be that the bulk 
of genetic variation for quantitative traits is often due to many small effect loci (Mackay et al., 
2009). This might also be a reason why in a segregating F2 mapping population using Moneyberg 
and a thermotolerant S. peruvianum as parents, no significant QTLs for PN and PV were detected 
(data not shown).
In contrast, a major S. lycopersicum QTL for PV under LTMH (qPV11) has been reported by 










































already described half a century ago as a thermotolerant genotype, with relative good fruit set 
under high temperatures (Charles and Harris, 1972). Also in the field this cultivar has been shown 
to be thermotolerant (Dane et al., 1991; Opena et al., 1992). In accordance with the model 
proposed in Chapter 5, pollen of Nagcarlang remain relatively viable under LTMH compared 
to other cultivars (Chapter 2, Xu et al., 2017b). Moreover, the QTL was shown to be stable in 
other genetic backgrounds, at least in F3 plants and near isogenic lines (NILs, Chapter 4; Xu 
et al., 2017a). Thus, qPV11 provides interesting genetic material to characterise the molecular 
and physiological mechanisms underlying thermotolerance (Xu et al., 2017a) and breeding with 
qPV11 might be possible.
In conclusion, it seems that both wild material and older cultivated germplasm may provide 
the desired variation in heat tolerance traits.
III. Understanding sensitivity of developing pollen to high temperature
Studying pollen development under high temperatures
The development of viable pollen is a key determinant for a high yield under LTMH. There are two 
main approaches to increase our understanding of the physiology behind pollen thermotolerance: 
(i) comparing optimal temperature with high temperature and (ii) comparing a sensitive genotype 
with a tolerant genotype. The first would reveal how a plant responds to the high temperature 
and what damage may have been suffered. The second could show what aspects are related to 
tolerance level. Both approaches are informative and it is conceivable that they will convene at a 
certain point, e.g. because a tolerant genotype has stronger acclimation response.
The investigation of pollen thermotolerance requires dealing with the factors time and space. 
Firstly, development from microsporocyte (pollen mother cell) to mature pollen is a complex 
sequence of processes, such as meiosis, microspore release from tetrads, tapetum degeneration 
and mitosis. It may be conceivable that not all processes and stages are equally susceptible to 
high temperature or show equal effects. For example, developing tomato pollen are particularly 
sensitive to LTMH and short-term heat shock (STHS) at 11 to 8 days before anthesis, covering 
the transition from meiosis to early microspores (Li, 2015; Müller, 2017; Xu, 2016). This seems 
to be conserved among species, as the detrimental impact of heat stress on rice and cowpea 
pollen is attributed to defects specifically occurring during early microsporogenesis (Ahmed et al., 
1992; Endo et al., 2009). Furthermore, in Arabidopsis thaliana different thermotolerance QTLs 
were detected for heat received at different stages of flower development (Bac-Molenaar et al., 
2015). Secondly, within the male reproductive organ various tissues are present, some of which 
may be more sensitive to high temperatures than others. For example, the sporophytic tapetum 
has been shown to be highly sensitive to heat, whereas other sporophytic tissues, i.e. the middle 











































2014). And even within a particular developmental stage of a flower, a range in the progression 
of pollen development can be noticed, which becomes even broader under adverse conditions. 
Under elevated temperatures, various cytological pollen defects, anywhere between dead to 
normally appearing cells, can be observed in one locule (Müller, 2017). This large variation makes 
determination of high temperature affected processes in developing pollen challenging.
Taken together, when studying pollen thermotolerance, it is essential to choose the most 
relevant comparison and to generate hypotheses and experimental setups with a sufficient 
temporal and spatial resolution.
Not an issue of protein denaturation?
In order to re-establish homeostasis and prevent damage, thermotolerance seems to be based on 
timely and efficient fine-tuning of genes, particularly during the onset of elevated temperatures. 
The heat stress response (HSR), characterised by the activation of heat shock proteins (HSP) via 
heat stress transcription factors (Hsfs) (Kotak et al., 2007; Scharf et al., 2012), and the unfolded 
protein response in the endoplasmic reticulum are thought to maintain protein homeostasis 
(Fragkostefanakis et al., 2014; Howell, 2013; Wang et al., 2004). Pollen tolerance to a short heat 
shock was reduced in transgenic HsfA2 RNAi lines (Fragkostefanakis et al., 2016). In accordance, 
Hsf overexpression by a tapetum specific promoter improved pollen viability in transgenic plants 
after a 10-hour heat shock (Li, 2015). However, these lines did not have improved tolerance 
to LTMH. Furthermore, transcript levels of HSR genes in the anther remained normal or were 
reduced under mild heat (Xu, 2016), suggesting that protein unfolding is not a major factor 
in acclimation to LTMH. Accordingly, the transcriptome analysis of tolerant and sensitive NILs 
described in Chapter 4 revealed differential expression of only two heat responsive HSPs, and 
with a low fold change. It should be noted that these data represent gene expression during the 
day, after more than 4 hours exposure to LTMH, leaving open the possibility that HSR expression 
differences are more pronounced during the onset of high temperature in the morning.
Little is known about the involvement of hormones
Alterations in hormone levels upon high temperature stress have been suggested to be involved 
in the pollen heat response, but so far there is little experimental data to support this (Bokszczanin 
et al., 2013; Mittler et al., 2012; Rieu et al., 2017). Abscisic acid (ABA) level has been reported to 
increase and bioactive gibberellin (GA) level to decrease in anthers of rice under heat stress (Tang 
et al., 2008). Auxin levels seemed to decrease in anthers of barley and Arabidopsis (Sakata et 
al., 2010). At least the alterations in auxins and gibberellins are thought to be high temperature 
defects, rather than acclimation responses, because exogenous application of auxin improved 
pollen thermotolerance, and a higher GA content correlated with a higher pollen viability (Müller 
and Rieu, 2016; Sakata et al., 2010; Tang et al., 2008). Furthermore, ABA, GA and auxin are 










































affected genes in the tapetum are GA responsive (Endo et al., 2009). However, hormone levels 
in tetrad-stage anthers were not significantly different between the contrasting qPV11 tomato 
NILs (Chapter 4). This may imply that hormone levels do not play a role in determining tolerance 
level in this case, although they could still occur and be part of the damage at later stages, such 
as late microspore stage, i.e. the time when carbohydrate differences appeared between the 
contrasting genotypes.
Oxidative damage is part of the problem
The tapetum cells contain high numbers of mitochondria (Lee and Warmke, 1979; Selinski and 
Scheibe, 2014), and might thus be a large production site of reactive oxygen species (ROS) under 
high temperature. Excessive production of ROS can lead to cellular damage (Bokszczanin et al., 
2013; Larkindale and Knight, 2002; O’Kane et al., 1996; Volkov et al., 2006), and this seem to 
occur under both, STHS and LTMH: tomato polarised and later stage pollen accumulate flavonoid 
antioxidants after STHS and LTMH, and exogenous application of antioxidants or overexpression 
of glutaredoxin enhanced pollen performance under LTMH (Fahad et al., 2015; Kumar et al., 
2013; Müller et al., 2016; Paupière, 2017). In contrast, tolerant NILs showed lower expression of 
a catalase and methionine sulfoxide reductase ROS scavengers, although the difference was small 
(Chapter 4). Whether this points to a lower ROS level in the tolerant anther tissues as a results of 
less ROS production or because of a higher basal level of scavenging activity (due to undetected 
reasons) is not clear. Direct measurement and localisation of ROS molecules in anther and pollen 
tissue would provide a better indication compared to transcriptomic analysis, although this was 
shown to be a difficult (Xu, 2016).
A role for the tapetum?
The timely onset of tapetum degeneration is vital for developing pollen, and is affected by various 
abiotic stresses, including high temperature (De Storme and Geelen, 2014). Under STHS, the 
tapetum undergoes premature programmed cell death (De Storme and Geelen, 2014; Iwahori, 
1965; Müller, 2017) and several days of mild heat resulted in disruption of some of the tapetum 
functions required for pollen development in rice (Endo et al., 2009). In tomato, four days of 
LTMH around early microspore development did not affect the tapetum tissue severely; premature 
degradation or cytological alterations were not observed using light microscopy (Xu, 2016). 
Nevertheless, a large proportion of binucleate pollen subsequently died and in those binucleate 
tomato pollen remaining vital, fewer and smaller starch granules were present (Xu, 2016). It 
is conceivable that this is due to malfunctioning of the tapetum regarding its role in nutrient 
and carbohydrate supply to developing pollen. Maintenance of the carbohydrate metabolism 
seems to be related to pollen thermotolerance (Pressman et al., 2002; Sato et al., 2006). In 
thermotolerant tomato genotypes, elevated temperatures seem to have a smaller effect on 











































carbohydrate profiles, hexose levels in particular, of qPV11 NIL plants (Chapter 4). As the sucrose 
levels were not significantly different in the two contrasting NILs, the deviation seems to be at 
the level of sucrose cleavage. In line with this, two cell wall invertase genes were shown to be 
less or later expressed during pollen development in sensitive compared to tolerant NILs (Chapter 
4). The fact that qPV11 inheritance indicates a function of this locus in sporophytic rather than 
gametophytic tissue (Xu et al., 2017a) supports the idea that the carbohydrate effect is mediated 
by the tapetum. 
Taken together, the tapetum might play a central role in high temperature induced pollen 
defects and tolerance traits may act through this tissue. Transcriptomic, physiological and 
biochemical analysis of the tapetum tissue specifically should shine more light on this. 
Cause or consequence of high temperature damage?
A major target of heat tolerance research would be to assign the observed heat responses (or 
effects) into categories such as (i) responses that are involved in acclimation, (ii) responses that 
are causal to pollen failure, (iii) responses that are the consequence of pollen failure and (iv) 
“inert” responses that are not linked to pollen performance. Tolerance level would then be linked 
to a reduction of responses that impair pollen development (ii), either directly or indirectly via 
enhanced acclimation (i). Untargeted omics studies in tomato anthers and pollen showed that 
many changes could not be directly associated with the current understanding of heat acclimation 
or pollen development (Chapter 4; Bita et al., 2011; Fragkostefanakis et al., 2016; Frank et al., 
2009b; Li, 2015; Rieu et al., 2017). Whether some of these are part of the pathway leading to 
pollen damage remains to be determined. Also for the altered carbohydrate profiles, it has still 
not been tested whether they are indeed the reason for pollen failure or a result of it.
A more direct way to understand the damage response would be to identify the genes that 
are causal to natural variation in pollen thermotolerance. qPV11 is an excellent starting point for 
such an approach. As a first method, fine mapping would be needed to narrow down the number 
of potential causal genes. The downside of this method is that genes can be tightly linked, 
hampering the resolution toward individual candidates. Thus, it will be necessary at some point to 
take a reverse genetics approach, such as screening mutant lines or lines expressing the opposite 
QTL alleles. Loss-of-function screens would be a quick tool for selection of candidate genes (Liu et 
al., 2016; Rosenbluh et al., 2017; Sander and Joung, 2014; Woo et al., 2015), whereas it will be 
interesting to see if the genome-editing clustered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR-associated Protein9 (Cas9) system will be developed further to allow efficient 
knock-in of DNA fragments in plants, as a way to directly convert alleles. Candidate selection may 
be aided by whole-genome re-sequencing to characterise all genomic variation within the QTL 










































IV. How to improve pollen viability under LTMH?
With respect to food security, it is of great importance to breed for thermotolerant crops. 
Currently, improvement of reproductive thermotolerance occurs passively via recurrent selection 
of crop germplasm from regions with hot growing seasons (Mickelbart et al., 2015). Although 
this method has been shown to be effective to some extent, in-depth knowledge of the tolerance 
is not obtained in this approach, which for example prevents the development of molecular 
markers that could allow efficient breeding.
Furthermore, the effects of LTMH on the plant is highly complex, with challenges that are 
tissue, developmental stage, species and even genotype specific (Chapter 2; Hedhly, 2011; 
Maduraimuthu and Prasad, 2014). Thus reproductive heat tolerance cannot be regarded as a 
single trait. This is why strategies focused on yield related traits, such as the development of viable 
pollen under LTMH, and improving the current understanding on the molecular and physiological 
mechanisms of specific sub-traits, are necessary to identify effective targets for breeding and 
genetic engineering (Chapter 5; Bhattarai et al., 2016; Xu et al., 2017b). 
Exploring and detecting underlying genetic loci for reproductive thermotolerance among 
the natural variation of (wild) germplasm (Chapter 2) via genome wide association mapping 
or linkage mapping, leads to the identification of novel QTLs for thermotolerance (Chapter 3; 
Chapter 4; Bac-Molenaar et al., 2015; Li et al., 2015; Shen et al., 2015; Xu et al., 2017a; Ye et al., 
2015). Accordingly, introgression of wild alleles improving thermotolerance has been reported for 
wheat and rice (Atwell et al., 2014; Li et al., 2015; Pradhan et al., 2012). Combining beneficial 
genetic regions from different backgrounds, will provide insight in the additivity of various 
mechanisms underlying thermotolerance and reveal the opportunities for trait stacking. It will 
also be important to consider the environmental context dependency of the expression of QTLs 
(Collins et al., 2008). Pollen viability under LTMH, for example, may to be sensitive to humidity. 
Interestingly, in our study, Moneyberg seemed to be relatively sensitive to humidity under LTMH, 
whereas the thermotolerant cultivar Nagcarlang, was more stable (data not shown). Thus, it 
could be speculated that qPV11, which derives from Nagcarlang, has applicability especially in 
warm and humid areas, such as certain regions in India. This is why testing in the field is an 
important aspect of transferring knowledge to breeding applications. 
Although genetic modification is controversial in some parts of the world, new methods 
that may be classified as non-transgenic are being developed (Sander and Joung, 2014; Woo 
et al., 2015). As an alternative to using natural variation, with the growing fundamental insight 
in reproductive thermotolerance, it may become possible to generate artificial variation, e.g. 
to enhance acclimation responses or make specific processes inherently less sensitive to high 
temperature (Chapter 4; Burke and Chen, 2015; Li, 2015; Xu, 2016).
Taken together, we argue that in order to successfully develop thermotolerant crops and 
support global food security in the coming decades, collaboration between academic research 
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De omgevingstemperatuur stijgt en de frequentie en intensiteit van hittegolven vormen een 
serieus wereldwijd probleem omtrent de gewasopbrengsten in de landbouw. De belangrijkste 
reden hiervoor is het lage reproductiesucces onder hoge temperatuur. De huidige aanpassingen 
in landbouwmanagement zijn onvoldoende om de oogst te behouden onder deze nadelige 
condities. Daarom is het veredelen van hitte tolerante rassen urgent. Het genereren van 
thermotolerante gewassen is een uitdagende taak omdat hittegolf gerelateerde lange termijn 
milde hitte (LTMH) invloed heeft op verschillende reproductieve gerelateerde processen en de 
sensitiviteit voor hoge temperatuur sterk variabel is tussen soorten en ontwikkelingsstadia. 
Om een beter begrip te krijgen van wat er mis gaat onder hoge temperatuur, richt deze studie 
zich op de genetische architectuur en fysiologische mechanismen die ten grondslag liggen aan 
reproductieve thermotolerantie in tomaat en wilde gerelateerde Solanum soorten. 
Hoofdstuk 1 geeft een overzicht van de effecten van hoge temperatuur op de plantenfysiologie, 
de vruchtbaarheid en gewasopbrengst. Daarnaast richt het zich op de negatieve effecten in 
reproductieve weefsels in tomaat, met name de mannelijke reproductieve weefsels inclusief de 
ontwikkeling van levensvatbare pollen. 
Gezien de beperkte genetische diversiteit in tomaatgewassen, kan de exploratie van 
verwante wilde soorten en rassen voorzien in potentieel nieuwe bronnen voor thermotolerantie. 
Het onderzoek in Hoofdstuk 2 geeft inzicht in de genetische variatie van thermotolerantie in 
verschillende opbrengst-gerelateerde eigenschappen gedurende LTMH in wilde tomaten en 
verwante Solanum soorten. Accessies die van oorsprong afkomstig zijn uit lager gelegen gebieden 
en gemiddelde hogere jaartemperatuur, behouden waarschijnlijk een hogere levensvatbaarheid 
van pollen gedurende LTMH, hetgeen wat lokale adaptatie van deze reproductieve eigenschap 
suggereert. Daarnaast overtroffen enkele Solanum pimpinellifolium individuen het best presterende 
gecultiveerde ras wat betreft de ontwikkeling van levensvatbare pollen gedurende LTMH. Om 
inzicht te verkrijgen in de genetische architectuur van reproductieve eigenschappen, werd één 
van deze tolerante S. pimpinellifolium genotypen gekruist met twee sensitieve genotypen, van 
S. pimpinellifolium en S. lycopersicum, wat in twee F2 populaties resulteerde. Quantitative trait 
loci analyses in deze populaties identificeerde verschillende regio’s van het genoom (QTLs) die 
verantwoordelijk waren voor het aantal pollen, de levensvatbaarheid van pollen, de lengte van 
de helmknoppen en de stijl en het uitsteken van de stigma gedurende LTMH (Hoofdstuk 3). 
Voor verschillende eigenschappen lagen sommige QTLs op vergelijkbare posities op het genoom 
binnen een populatie wat de fenotypische relatie tussen de eigenschappen weerspiegelde. In 
tegenstelling tot de twee populaties overlapte geen enkele QTL, wat epistatische interacties 
of een gebrek aan segregatie voor de QTL in één van de populaties suggereert. Het complexe 
karakter van de levensvatbaarheid van pollen gedurende LTMH werd verder benadrukt door 










































worden in F3 planten of NILs, maar niet in beiden. Dit impliceert een beïnvloeding van de 
genetische achtergrond of subtiele veranderingen in de omgeving waaronder de eigenschap 
werd bestudeerd. Zoals voor vele kwantitatieve eigenschappen, suggereren deze resultaten dat 
het veredelen voor de levensvatbaarheid van pollen thermotolerantie een uitdaging zal zijn. Er 
kunnen gunstige genetische regio’s afkomstig van de grote genetische variatie in wilde soorten 
worden gedetecteerd en dat zou mogelijk verder kunnen worden geëxploiteerd. 
Een sterke QTL (qPV11) voor pollen thermotolerantie, afkomstig van het thermotolerante ras 
Nagcarlang, werd in een voorgaande studie gedetecteerd. De studie in Hoofdstuk 4 karakteriseert 
qPV11 via fysiologische en transcriptomische analyses. Het behoud van levensvatbare pollen 
gedurende LTMH werd allereerst bevestigd in NILs die het Nagcarlang qPV11 allel bevatten. 
Daarnaast lieten de suikerniveaus in gepolariseerde pollen bevattende helmknoppen in 
contrasterende qPV11 NILs een hoger hexose niveau zien in de helmknoppen van tolerante 
planten. Deze data werden bevestigd door een hogere expressie van suiker transporters 
en invertase genen tijdens vroege ontwikkeling in de thermotolerante NILs ten opzichte van 
sensitieve NILs. Hoewel dit verschil onafhankelijk van temperatuur was, impliceert het dat het 
expressieprofiel van qPV11 mogelijk werkt via een positief effect op het suikermetabolisme onder 
nadelige omstandigheden. Daarnaast werden verschillende kandidaatgenen gevonden die een 
mogelijk causaal effect hebben op de levensvatbaarheid van pollen onder hoge temperatuur. 
Hoofdstuk 5 beschrijft de relatieve bijdrage van reproductieve eigenschappen op de 
bekwaamheid van bloemen om zich te ontwikkelen tot zaad zettende vruchten onder LTMH. 
De levensvatbaarheid van pollen was als hoofdfactor en bevestigt dat deze eigenschap een 
interessant selectiecriterium is voor thermotolerantie in tomaat. De studie impliceert ook dat het 
aantal ontwikkelde pollen geen limiterende factor is onder deze conditie. Er werd aangetoond 
dat het uitsteken van de stigma van groot belang is voor de ontwikkeling van vruchten en zaden.
Samengevat, geeft deze studie weer dat reproductieve thermotolerantie zeer complex is. 
Hoofdstuk 6 bediscussieert welke eigenschappen vereist zijn en hoe nieuwe bronnen kunnen 
worden verworven voor reproductieve thermotolerantie. Een doelgerichte visie kan bijdragen 
aan een dieper inzicht en exploitatie van deze eigenschappen. Aangezien de levensvatbaarheid 
van pollen een hoofdeigenschap is voor reproductieve thermotolerantie, worden er verschillende 
mogelijkheden gesuggereerd ter verbetering van de ontwikkeling van levensvatbare pollen onder 
hoge temperatuur, met als doel thermotolerante tomaten rassen te verkrijgen die een hogere 























































































Ambient temperatures are rising and the frequency and intensity of heat waves have become a 
serious worldwide problem for agricultural output. The main reason for this is the low reproductive 
success under elevated temperatures. Current alterations in agricultural management systems are 
insufficient to sustain yield under these adverse conditions. This is why breeding heat tolerant 
cultivars is urgent. However, generating thermotolerant crops is a challenging task because 
heat-wave like long term mild heat (LTMH) affects multiple reproductive related processes and 
sensitivity to elevated temperature is highly variable across species and developmental stages. In 
order to obtain a better understanding of what goes wrong under elevated temperature, this 
study focusses on the genetic architecture and physiological mechanisms underlying reproductive 
thermotolerance in cultivated and wild tomato species. 
Chapter 1 provides an overview of the effects of high temperature on plant physiology, 
fertility and crop yield. Furthermore, it focusses on the negative effects on reproductive tissue of 
tomato, in particular the male reproductive tissues including the development of viable pollen.
Given the narrow genetic diversity in tomato cultivars, exploration of wild relatives 
and landraces might provide novel resources for thermotolerance. The research in Chapter 2 
provides insight in the genetic variation in thermotolerance of various yield contributing traits, 
to LTMH among wild tomatoes species. Accessions from lower elevations and higher annual 
temperatures will probably maintain a higher pollen viability (PV) under LTMH, suggesting there 
has been local adaptation of this reproductive trait. Moreover, several Solanum pimpinellifolium 
individuals outperformed the best performing cultivar under LTMH in terms of PV. In order to 
dissect the genetic architecture of reproductive traits, one of these tolerant genotypes from 
S. pimpinellifolium was crossed with two sensitive genotypes, from S. pimpinellifolium and S. 
lycopersicum, resulting in two bi-parental F2 mapping populations. Quantitative trait loci (QTL) 
analyses in these populations revealed multiple QTLs regarding the number of pollen, PV, anther 
and style length, and style protrusion under LTMH (Chapter 3). Several QTLs of different traits co-
localised within the population and mirrored the phenotypic relation. In contrast, none of the QTLs 
co-localised between the populations, suggesting epistatic interactions or a lack of segregation of 
QTL alleles in one of the two populations. The complex character of PV under LTMH was further 
emphasised as verification of the respective interspecific QTLs in F3 and near isogenic lines (NILs); 
each QTL could only be confirmed in either F3 plants or NILs, but not in both. This implies the 
influence of the genetic background or subtle changes in the environment, in which the trait is 
studied. As with many quantitative traits, it suggests that breeding for pollen thermotolerance 
will be challenging. However, the presence of beneficial genetic regions, deriving from the large 
variation present in wild species, can be detected and might be further exploitable. 
A major QTL (qPV11) for pollen thermotolerance, deriving from thermotolerant cultivar 










































further via physiological and transcriptomic analyses. The maintenance of viable pollen under 
LTMH was confirmed in NILs containing the Nagcarlang qPV11 allele. Moreover, carbohydrate 
levels in anthers containing polarised pollen of contrasting qPV11 NILs, revealed a higher hexose 
level in anthers of thermotolerant plants. These data were confirmed by higher expression of sugar 
transporter and invertase genes earlier during development in the thermotolerant NILs, compared 
to sensitive NILs. Although this difference was independent of temperature, it implies that the 
expression profile of qPV11 might act via a positive effect on the carbohydrate metabolism under 
adverse conditions. Moreover, several candidate genes underlying qPV11 were proposed to have 
a causal effect on pollen viability under LTMH. 
Chapter 5 reveals the relative contribution of reproductive traits on the flower’s ability to set 
seeded fruit under LTMH. PV was found to be a key factor, confirming the trait to be an interesting 
selection criterion for thermotolerance in tomato. The study also implies that the number of 
pollen developed is not a limiting factor under these conditions. Moreover, style protrusion was 
shown to be of high importance in order to set fruit and seed. 
Taken together, reproductive thermotolerance is highly complex. Chapter 6 discusses which 
traits are required and how to obtain novel resources for reproductive thermotolerance. A targeted 
scope, can aid to further dissect and exploit these traits. This may lead to new hypotheses which 
can enhance the current understanding on reproductive thermotolerance. Given that PV is a key 
trait in reproductive tolerance, several approaches on the improvement of pollen viability under 
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